Advanced self-lubricating surfaces based on carbon nanoparticles by Reinert, Leander
Advanced self-lubricating surfaces based on 
carbon nanoparticles 
	
	
	
	
Dissertation 
 
zur Erlangung des Grades 
des Doktors der Ingenieurswissenschaften 
der Naturwissenschaftlich-Technischen Fakultät 
der Universität des Saarlandes 
 
 
 
 
 
 
 
von 
Leander Reinert 
 
Saarbrücken 
Juli 2018 
 
 
Advanced self-lubricating surfaces based on carbon nanoparticles 
Leander Reinert II 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Tag des Kolloquiums:  17.12.2018 
Dekan:    Prof. Dr. Guido Kickelbick 
Berichterstatter:  Prof. Dr. Frank Mücklich 
    Prof. Dr. Dirk Bähre 
    Prof. Dr. Gerhard Hirt 
Vorsitz:   Prof. Dr. Guido Kickelbick 
Akad. Mittelbau:  Dr. Frank Aubertin 
 
Advanced self-lubricating surfaces based on carbon nanoparticles 
Leander Reinert III	
 
 
 
 
 
 
 
 
 
 
 
„Willst du dich am Ganzen erquicken, so musst du das Ganze im Kleinsten erblicken“ 
(Johann Wolfgang von Goethe) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Advanced self-lubricating surfaces based on carbon nanoparticles 
Leander Reinert III 
 
 
 
 
 
 
 
 
 
 
 
„Willst du dich am Ganzen erquicken, so musst du das Ganze im Kleinsten erblicken“ 
(Johann Wolfgang von Goethe) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Advanced self-lubricating surfaces based on carbon nanoparticles 
Leander Reinert IV 
TABLE OF CONTENTS 
ACKNOWLEGEMENTS VI 
ZUSAMMENFASSUNG VIII 
ABSTRACT IX 
ABBREVATIONS AND SYMBOLS X 
1 MOTIVATION AND OBJECTIVES 1 
2 STATE OF THE ART 6 
2.1 Carbon nanoparticles (CNP)  6 
2.1.1 Nanodiamonds (ND) 8 
2.1.2 Onion-like carbon (OLC) 10 
2.1.3 Carbon nanotubes (CNT) 13 
2.1.4 Raman spectroscopy characterization of CNP 16 
2.2 Metal matrix composites (MMC) 22 
2.2.1 Blending, processing and microstructural tailoring  23 
2.2.2 CNP reinforced MMC  30 
2.3 Strategies to control friction and wear of surfaces 34 
2.3.1 Solid lubricants   38 
2.3.2 Surface topography designing 44 
2.4 Tribological application of CNP 48 
2.4.1 CNPs as solid lubricant 48 
2.4.2 CNP as protective coatings  53 
2.4.3 CNP as reinforcing phase in tribology of MMC 56 
3 OVERVIEW  61 
  
Advanced self-lubricating surfaces based on carbon nanoparticles 
Leander Reinert V 
4 INCLUDED PAPERS 71 
0   Outline  71 
I  Dispersion analysis of carbon nanotubes, carbon onions, and  
  nanodiamonds for their application as reinforcement phase  
  in nickel matrix composites 
73 
II  In-situ nanodiamond to carbon onion transformation in metal matrix 
  composites 
74 
III  Carbon Nanoparticle – Reinforced Metal Matrix Composites:  
  Microstructural Tailoring and Predictive Modeling 
75 
IV  Tribo-Mechanisms of Carbon Nanotubes: Friction and Wear  
  Behavior of CNT-Reinforced Nickel Matrix Composites and  
  CNT-Coated Bulk Nickel  
76 
V  Long-lasting solid lubrication by CNT-coated patterned surfaces 77 
VI  Influence of surface roughness on the lubrication effect of carbon   
  nanoparticle- coated steel surfaces 78 
VII  Influence of surface design on the solid lubricity of carbon nanotubes- 
  coated steel surfaces 
79 
VIII Tribological behavior of self-lubricating carbon nanoparticle  
  reinforced metal matrix composites 
80 
IX  Dry friction and wear of self-lubricating carbon nanotube-containing 
  surfaces 
81 
5 CONCLUSIONS AND OUTLOOK 82 
6 NOT INCLUDED PAPERS 86 
REFERENCES 87 
FIGURES  98 
 
 
 
Advanced self-lubricating surfaces based on carbon nanoparticles 
Leander Reinert VI 
ACKNOWLEDGEMENTS 
Thinking back to the time at the beginning of my PhD thesis, the overwhelming feeling of having 
finally graduated was linked to a motivated, but strange popular belief: I thought that a PhD thesis was 
the scientific output of a single person, based on their individual capabilities, with the aim of 
investigating something completely new. Hence, with the basic knowledge in material science and 
engineering from my studies, my plan was to find a “scientific gap” in literature and to develop a 
systematic and straightforward research plan with a tight schedule. Then, I would work on this plan 
until understanding the given problem in every little detail, presenting the final solution and complete 
my doctorate.  
…I was so wrong and have learned so much since then, including what a PhD thesis is truly about. 
However, one of the things that I learned the quickest, I owe to all the members of the chair of 
functional materials (FuWe): teamwork. This, among other things, is why I consider it my duty to thank 
and dedicate this section to several people who have supported and helped me stay on track and finally 
create a manuscript, which combines the findings of our research from the last years. 
First and foremost, I would like to thank my supervisor, Prof. Dr. Frank Mücklich, for providing the 
possibility to work at his institute, but also for his permanent support and his everlasting confidence in 
me. It was he who drew my attention to the field of materials science when I was still a pupil. I still 
remember his words during a visit to my former school: “If you can't decide whether to study physics, 
chemistry or mathematics, you should come and study materials science”. Since then, he accompanied 
me on my way from being a scientific assistant at his institute to becoming a doctoral candidate. Due to 
his open-mindedness, aside from my position as a PhD student, I also got the opportunity to work at the 
Material Engineering Center Saarland (MECS), gathering valuable experience working together with 
industry. I am proud to be a part of his research group. 
Also, I want to thank Prof. Dr. Dirk Bähre for being my scientific guide, for our fruitful discussions 
during my yearly progress reports and for his role as second reviewer of my thesis.  
Thinking about my colleagues, I am very lucky to be part of such a highly motivated and supportive 
team of researchers. Certainly, one of the persons that I owe the most to is Dr. Sebastian Suárez. The 
process of being a PhD student involves phases, which are dominated by self-doubt and the question 
“why am I doing all this”. I had never met a person as optimistic, motivating, idealistic and enthusiastic 
about scientific research as Seba. He helped me with almost daily motivating discussions, shared his 
experience as a post-doctoral researcher, assisted in countless experiments, gave me trust and 
friendship. I would like to express my deepest gratitude to you, Seba. 
Furthermore, I would like to thank the following people who have guided me on my way as a PhD 
student not only as colleagues, but also as friends, making everyday work a place to feel at home: 
Philipp Grützmacher, Prof. Dr. Andreas Rosenkranz, Prof. Dr. Carsten Gachot, Dominik Britz, Federico 
Advanced self-lubricating surfaces based on carbon nanoparticles 
Leander Reinert VII 
Lasserre, Christian Schäfer, Dr. Nicolas Souza, Daniel Müller, Timothy MacLucas and Sebastian 
Slawik. Prof. Dr. Rosenkranz, Dr. Suarez, Dr. Souza and Mr Grützmacher are especially appreciated for 
proofreading this dissertation. 
Additionally, my thanks go to all my other colleagues from FuWe as well as researchers of other 
institutes who gave me the opportunity to use their experimental equipment or to benefit from their 
knowledge in various experimental or simulation tasks. In this context, I would like to mention Prof. Dr. 
Volker Presser, Prof. Dr. Itzhak Green, Prof. Dr. Michael Varenberg, Dr. Frank Müller and Dr. Marco 
Zeiger amongst others. 
Almost half way through my PhD, my better half named Belinda came into my life. It was and still is 
such a good feeling to be supported and understood not only scientifically, but also emotionally. You 
are my daily constant and motivation, that makes even the worst day look better and I am very grateful 
for every single moment with you. 
Last but not least, I also want to thank my family, especially my mom and dad for their endless support, 
open ears and understanding during the last years. My family always encouraged and believed in me 
and I will treasure their support forever.  
 
 
 
 
 
 
 
 
 
 
Advanced self-lubricating surfaces based on carbon nanoparticles 
Leander Reinert VIII 
ZUSAMMENFASSUNG 
Diese Dissertation setzt sich zum Ziel, mittels neuartiger Festschmierstoffe (Kohlenstoff-
Nanopartikel (CNP)), deren Einsatz in einer geeigneten Materialklasse (Metall Matrix Komposite 
(MMC)) und der Entwicklung eines spezifischen Oberflächendesigns (mittels Laser-
Oberflächenstrukturierung) selbstschmierende Oberflächen herzustellen sowie die involvierten 
Mechanismen zu verstehen. Dies umfasst die vollständige Prozessentwicklung von der Synthese und 
Verarbeitung über die experimentelle Analyse und theoretische Modellierung, der Diskussion und 
dem Verständnis der Mechanismen bis hin zur Herstellung eines Prototyps. 
Von drei untersuchten CNP (zwiebelartiger Kohlenstoff, Nanodiamanten und Kohlenstoff-
Nanoröhrchen (CNT)) konnten CNT als geeigneter Festschmierstoff identifiziert werden. Dies ist auf 
ihr hohes Aspektverhältnis, Flexibilität sowie ihren Degradationsmechanismus zurückzuführen. Die 
kontinuierliche Versorgung des Kontaktes mit CNT ist durch deren elastische Kompression und 
Rückstellvermögen gewährleistet. Der entsprechende Degradationsmechanismus erlaubt eine 
effiziente Schmierung unabhängig von vorherrschender Luftfeuchtigkeit, Oberflächenrauheit, dem 
Belastungskollektiv und der Kontaktmechanik, was auf die Anpassungsfähigkeit der 
Schmierungsmechanismen (Rollen, Gleiten und Scheren) zurückzuführen ist. 
So konnten permanent selbstschmierende Oberflächen hergestellt werden, welche eine maximale 
Reduzierung von Reibung und Verschleiß um den Faktor 4 bzw. 115 ermöglichen. 
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ABSTRACT 
This dissertation deals with a new branch of solid lubricants (carbon nanoparticles (CNP)), their use 
in a suitable base-material (Metal Matrix Composites (MMC)) and the investigation of a specific 
surface design (processed by laser surface structuring) to create and understand self-lubricating 
surfaces. The dissertation covers the complete process development from the synthesis and 
processing, experimental analysis and theoretical modeling, discussion and understanding of 
involved mechanisms up to the production of a prototype. 
Out of three investigated CNP (onion-like carbon, nanodiamonds and carbon nanotubes (CNT)), 
CNT are identified as the most suitable solid lubricant for self-lubricating surfaces. In this regard, 
their large aspect ratio, flexibility as well as degradation mechanism are the most important aspects 
to consider. Being stored in a surface, CNT are continuously pulled into the contact by elastic 
compression and restoration. Due to their degradation mechanism, their lubrication activity is 
insensitive to variations in humidity, surface roughness, loading conditions and contact mechanics. 
The lubrication mechanisms of CNT adapt to the given situation by effectively combining different 
solid lubricant working principles, namely: rolling, sliding and shearing. 
As a result, permanent self-lubricating surfaces are successfully produced, allowing for a maximum 
reduction in friction and wear by a factor of 4 and 115, respectively. 
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ABBREVATIONS AND SYMBOLS 
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F  Friction force TNT  Trinitrotoluol 
FIB  Focused ion beam TMD  Transition metal dichalcogenide/-s 
FWHM  Full width at half maximum T  Tube-axis 
G-band  A Raman mode 𝜏𝑆  Shear strength  
G’-band  A Raman mode 𝜏0  Interfacial shear strength 
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1. MOTIVATION AND OBJECTIVES 
Tribology is defined as the science of interacting surfaces in relative motion and all practices related 
thereto. It includes the study of wear, friction and lubrication and ranges from spacecraft to 
household appliances or even the human body [1,2]. Thus, understanding and tailoring the tribological 
properties of mechanical systems has been and still is a vastly studied field of research.  
Nowadays, friction and wear are recognized as having a major influence on the efficiency and 
lifetime of machinery and thus, determine the economic viability of a product to a great extent [3–6]. 
This fact is clearly exemplified by an average passenger car spending about one third of its total fuel 
energy on friction and wear [3]. In nearly every technical application, transmitting kinetic/mechanical 
energy from its source to the desired application area is realized by the interaction of at least two 
surfaces. Aside from certain applications where high friction is desirable (e.g. for automotive brakes 
or clutches[7,8]), the intention is to reduce friction and wear to a minimal level (e.g. for bearings). This 
can be accomplished by tribological optimization of the lubrication [9], surface design [10] and base 
materials [11].  
Certainly, the simplest and most effective way to reduce friction and wear is to use a suitable 
lubricant. For a wide range of applications, a liquid lubricant is used (e.g. oil), which tunes the 
separation of the contacting surfaces as a function of the applied normal load, sliding speed as well 
as oil viscosity, thus affecting friction and wear [12]. However, for some applications, the use of solid 
instead of liquid lubricants can be advantageous or unavoidable, for example, in cases of harsh 
environmental conditions such as high temperature ranges (e.g. kiln truck bearings) or high vacuum 
(e.g. spaceflight applications) [13–15]. There is a variety of different solid lubricants such as MoS2, 
WS2, graphite, lubricious oxides, diamond-like carbon (DLC), certain polymers or soft metal 
coatings, all of which are limited in their range of application [13]. Even though they can be very 
effective under certain conditions, they typically fail in one or several of the following requirements, 
namely: insensitivity to operational environments including low chemical reactivity (oxidation or 
formation of unwanted by-products), easy replenishment, capability to dissipate generated heat, 
constant lubrication, aging stability or adhesion [13,16]. For example, MoS2 is often used in 
applications working under vacuum or inert gas, since it reacts with oxygen in atmospheric 
environments thus losing its ability to lubricate [13]. In contrast, graphite particularly shows efficient 
lubrication under moderate to high relative humidity. In the case of low relative humidity or vacuum, 
a high coefficient of friction (COF > 0.5) is observed as its lubrication mechanism relies on the 
intercalation of water molecules between consecutive graphene layers [17].   
Nevertheless, today's technical applications demand an ever greater degree of robustness and 
insensitivity with regard to environmental and loading conditions in the use of solid lubricants [18,19]. 
For example in spacecraft, satellites or satellite launch vehicles wait for extended periods of time in 
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humid environments before starting, after which they must work under vacuum conditions. For this 
reason, solid lubricants must be developed that adapt to changing environmental or loading 
conditions while still reliably lubricating the mechanical components of a system [20]. 
Regarding the used base material, especially in the field of dry friction, the mechanical and chemical 
properties of the contacting surfaces are of utmost importance. One way to tailor these is by using 
metal matrix composites (MMC), with the metal matrix most often being reinforced by a non-
metallic phase. The properties of MMC can be designed to fit the requirements of an intended 
application (e.g. light weight but high strength). They are often employed as structural and functional 
materials such as fiber-reinforced pistons, aluminum crankcases with strengthened cylinder surfaces 
or particle-strengthened brake discs, in the automotive or aerospace sectors. MMC are also broadly 
found in wear-resistant or friction-reducing sliding contact materials in bearings and pistons or 
cylinder liners in engines [21–26]. This is not only due to the fact that the microstructure of MMC, and 
thus their mechanical properties, can be controlled by the processing parameters and the 
reinforcement phase, but also because lubricants (such as graphite) can be used as reinforcement 
phase in order to obtain self-lubricating materials [22].  
In this regard, using a solid lubricant as reinforcement phase can overcome some drawbacks of solid 
lubricant coatings, such as limited lifetime, difficult replenishment, oxidation, aging-related 
degradation or poor adhesion [16]. Not only can MMC be used as a bulk self-lubricating material but 
there are also several ways to apply MMC as surface coating, rendering this method to create self-
lubricating materials a very versatile technique, which could be used for many different substrate 
materials and applications [27–30]. However, a significant disadvantage arises when using rather soft, 
easy to shear solid lubricants such as graphite in MMC, namely poor mechanical properties. These 
composites sometimes have even lower mechanical properties than the unreinforced alloy [16]. In this 
regard, the tendency is to reduce the reinforcement material’s size to the nano range, allowing for a 
fine and homogeneous reinforcement distribution. This could possibly resolve some of the 
limitations such as poor ductility, machinability and reduced fracture toughness [16]. 
In recent years, carbon nanoparticles (CNP) have arisen as promising candidates to reduce friction 
and wear under various operational environments, which is ascribed to their intrinsic mechanical 
properties, chemical inertness, thermal stability as well as atomic structure and morphology [31–36]. 
Several works report on the friction and wear-reducing effects of the particles when used as solid 
lubricant coating or as reinforcement phase in composite materials [29,35–47]. However, the underlying 
lubrication mechanisms of the particles are still a matter of debate and thus the potential lubricating 
effects may not be fully exploited. The present thesis focuses on three CNP in particular: Multi-wall 
carbon nanotubes (MWCNT), onion-like carbon (OLC) and nanodiamonds (ND). MWCNT consist 
of multiple, hollow graphitic shells (sp2-hybridized carbon atoms), providing a tube-like form with a 
very high aspect ratio[48,49]. OLC, also known as carbon onions, show the same hybridization and a 
similar graphitic shell-like structure, but with a spheroidal particle morphology[50]. Finally, with a 
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particle morphology similar to OLC, ND provide a diamond atomic structure with sp3-hybridized 
carbon atoms [33]. These three different types of CNP are chosen intentionally since they can be 
systematically distinguished. A systematic investigation of the lubrication mechanisms of different 
CNP and lubrication requirements in the same tribological system has not been done before in 
literature, although it would allow for a more in depth understanding of the mechanisms involved. 
When designing self-lubricating surfaces and addressing the used lubricant and base material, the 
impact of the surface design should also be explored, since surface topography and chemistry have a 
major influence on the contact mechanics, and consequently, the occurring wear mechanisms. From 
various techniques to create well-defined surface designs such as honing, blasting, micro coining or 
lithography, laser surface texturing (LST) and in particular Direct Laser Interference Patterning 
(DLIP) have shown to be suitable, cost and time-efficient approaches [10,51]. In addition to reducing 
the real contact area and trapping abrasive wear debris, created surface depressions can act as storage 
for liquid and solid lubricants, thus continuously supplying the contact region with lubricant [52,53]. 
Additionally, the ability to systematically vary the surface design allows for a more in-depth 
understanding of the occurring lubrication mechanisms. For this reason, laser surface texturing is 
proposed in the present dissertation as a tool to create self-lubricating surfaces and to understand the 
influence of the surface design on the lubrication mechanism of CNP. 
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The development route of the present dissertation is schematically presented in Fig. 1. 
 
Figure 1: Schematic of the development route of the present dissertation 
In summary, the present dissertation deals with an emerging branch of solid lubricants (CNP), their use 
in a suitable base material (MMC) with a specific surface design (using LST), thus addressing the three 
most important points for the development and understanding of self-lubricating surfaces based on CNP. 
The dissertation covers the complete process development to create these surfaces from the synthesis 
and processing, experimental and theoretical modeling, discussion and understanding of effects and 
mechanisms up to the production of a prototypical component, which should be suitable for permanent 
self-lubricating unidirectional sliding. In particular and based on the schematic in Fig. 1, the following 
three objectives should be met: 
OBJECTIVE 1 
The first objective of this dissertation is to find a CNP dispersion and MMC processing method that 
enables a uniform production of CNP-reinforced MMC. This method should avoid particle 
functionalization, minimize particle degradation and enable a fine and homogeneous particle 
distribution within the resulting MMC. In addition, the method must allow for full process control so 
that a model can be established, which predicts the final microstructure of the manufactured 
composites. 
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OBJECTIVE 2 
The second objective is to understand the intrinsic lubrication mechanisms of CNP and the different 
tribological influences involved when using them as a lubricant in MMC or as a coating. For this 
purpose, the tribological properties of CNP-coated surfaces must be investigated and compared to 
CNP-reinforced surfaces. In this regard, influences of the microstructure, lubricant storage, surface 
roughness and design, degradation mechanisms, size/morphology of CNP and stress collective have 
to be carefully evaluated, compared and discussed. Based on these findings and the resulting contact 
mechanics, the question must finally be answered as to which CNP is best suited for the intended 
purpose of the self-lubricating surfaces. 
 
OBJECTIVE 3 
A prototypical component must be produced and tailored to combine all the positive findings of 
objective 1 and 2. The prototype should be tested under conformal contact situation, comparable to 
the situation of a bearing subjected to unidirectional sliding, providing a constantly decreased 
friction and wear under steady-state conditions.  
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2. STATE OF THE ART 
2.1 Carbon nanoparticles (CNP) 
Carbon is a very versatile element and can be found in great abundance on our planet. With an 
atomic electron configuration of six electrons (two in the 1s orbital, two in the 2s orbital and two in 
the 2p orbital), carbon materials can be classified into two main groups, depending on the energetic 
state of the carbon bonding, called hybridization. The first and most stable carbon allotrope is 
graphite, possessing an sp2-hybridization, the ground state phase of carbon under standard 
temperature and pressure. Under high pressure (several GPa), graphite transforms to diamond, 
resulting in sp3-hybridization of the carbon atoms [54]. 
In the case of graphite, each carbon atom is covalently bonded to three other carbon atoms, through 
its three coplanar sp2 orbitals, forming σ-bonds, and orthogonal p orbital, forming a π-bond. The 
latter produces what is considered as an electron cloud (delocalized electrons), similar to what is 
observed in metals. Structurally, graphite presents a layered structure consisting of several stacked 
planar single layers (called graphene) that are interconnected by weak Van-der-Waals interactions. In 
contrast, the diamond structure is characterized by a fourfold covalent bonding (four sp3 orbitals) of 
the carbon atoms with a tetrahedral symmetry (109.5°) [54,55]. The graphite and diamond bonding 
structure is depicted in Fig. 2. 
 
Figure 2: a) Bonding structure of graphite and b) diamond. 
Based on these two principal carbon modifications, a large variety of carbon materials and recently 
carbon nanomaterials have been developed. A material is generally considered a nanomaterial if at 
least one internal or external spatial dimension is in the nm scale (up to 100 nm) [56]. In addition of 
being distinguished by their carbon hybridization, carbon nanomaterials are usually classified as 0-D, 
1-D, 2D and 3-D materials according to their properties and their morphology (flatness, sphericity). 
Fig. 3 gives a brief overview of a selection of currently known sp2-hybridized carbon nanomaterials 
[57].  
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Figure 3: Selection of currently known forms of sp2-hybridized carbon nanomaterials. 
 a) C60: Buckmisterfullerene, b) carbon onion, c) carbon nanotube, d) nanocone/horn, e) nanotoroid, f) 
graphene, g) graphite, h) haeckelite surface, i) graphene nanoribbon, j) graphene cluster, k) helicoidal carbon 
nanotube, l) short carbon chain, m) schwarzite crystal, n) carbon nanofoam, o) nanotube network, p) 
nanoribbon network [57]. 
 
In this context, dimensionality determines the number of principal directions in which the 
nanomaterials are expanded. Thus, spheroidal nanoparticles (e.g. carbon onions in Fig. 3 b) are often 
referred to as 0-D nanoparticles, whereas cylindrical nanoparticles (e.g. carbon nanotubes in Fig. 3 c) 
are denoted as 1-D nanoparticles. Especially in the cases of 0-D and 1-D carbon nanomaterials, a 
defect formation in the atomic structure is often observed since the curvature of these structures is 
extremely high. For example, a possible defect in a sp2-hybridized carbon nanomaterial could be a 
pentagonal carbon bonding (instead of hexagonal), a crystal boundary in polycrystalline graphite or 
simply dangling bonds of the aromatic system [58]. Specifically, the pentagonal defects are often 
needed in order to form closed spherical or tube-like morphologies in the nanometer scale.  
Since carbon can exist in a vast variety of different configurations, new nano-carbon modifications 
are constantly being discovered and the same modification is sometimes given different names by 
different works for different applications, which indeed makes it hard to compare the modifications 
in an objective way [59]. A general overview about carbon nanomaterials is given by Gogotsi and 
Presser [31]. 
However, for tribological applications and thus the intended use in this dissertation, 0-D or 1-D 
carbon nanoparticles (CNP) in particular have been highlighted in recent years, providing promising 
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properties to act as solid lubricants in mechanically loaded contacts. This fact is mainly due to their 
morphology (spheroidal or tubular shape) and their high chemical and mechanical stability, which is 
why they are often said to potentially act as nano ball- or roller bearings [31,34,60]. Nonetheless, since 
this hypothesis has not yet been thoroughly verified and the potential lubrication mechanisms of the 
particles are not yet understood, one objective of the present dissertation is the systematic 
investigation and analysis of these mechanisms.  
For this purpose, three different CNP were chosen in order to represent 0-D and 1-D CNP as well as 
both carbon hybridization states (sp2 and sp3). These are nanodiamonds, carbon onions and carbon 
nanotubes, described in more detail in the following sections.  
2.1.1 Nanodiamonds (ND) 
Nanodiamonds (ND) are spherical nanoparticles (diameter of typically 2-10 nm) with a predominant 
sp3 carbon hybridization and a diamond lattice constant of 0.35 nm. Within their most interesting 
characteristics, they have shown remarkable biocompatibility, chemical stability, mechanical and 
optical properties [33]. Although already discovered in the 1960s by a detonation reaction, the interest 
in these particles did not grow until the beginning of the 1990s [61]. Since then, they have received 
increasing attention in numerous research fields such as: tribology [62], drug delivery [63], bioimaging 
[64] or tissue engineering [65].  
Nowadays, an abundance of methods is available for their production, including laser ablation [66], 
high energy ball milling of high pressure, high temperature diamond microcrystals [67] as well as the 
detonation technique [68]. Since the ND used in this dissertation were synthesized via detonation, this 
method is described in more detail in the following. The basic atomic structure of a common single 
nanodiamond particle is shown schematically in Fig. 4. 
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Figure 4: Schematic representation of the most common atomic structure of a single nanodiamond particle. 
The grey-colored, highly ordered structures correspond to the sp3-hybridized, diamond carbon bonding. In 
black, aromatic structures of sp2-hybridized carbon are visible which terminate the surface of the nanodiamond. 
Additionally, oxygen- and nitrogen-containing functional groups are depicted (red and blue, respectively) as 
well as hydrocarbon chains (green) or hydrogen terminations (white) [33].  
 
The grey-colored, highly ordered structures represent the sp3-hybridized carbon bonding and form 
the core of the particle. In order to remain stable under ambient conditions, the outer shell of the 
particle must either be terminated by functional groups (e.g. oxygen- or nitrogen-containing groups) 
or sp2-hybridized carbon structures of graphitic or amorphous nature. This becomes evident when 
looking at the phase diagram of nano-carbon in Fig. 5 (a), which can also be used as starting point 
for explaining the basic principle of detonation synthesis.  
The phase diagram shows that the most stable phase of carbon under standard pressure and 
temperature is graphite, which becomes even more significant for nanoscale carbon as indicated with 
the blue lines. For detonation synthesis, explosives with a negative oxygen balance (e.g. a mixture of 
trinitrotoluol (TNT) and hexogen) are detonated within a closed chamber containing N2, CO2 and 
H2O. The generated shock wave leads to a raise in pressure and temperature, reaching the Jouguet 
point (point A in Fig. 5 (a) or red dashed line in Fig. 5 (b)) and to the formation of liquid nano-
carbon as also schematically illustrated in areas III to VI of Fig. 5 (b) [69]. 
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Figure 5: a) Phase diagram of carbon as a function of pressure and temperature with blue lines inserted for 
nanomaterials. b) Scheme of the shock wave evolution in the detonation synthesis of nanodiamonds, showing 
(I) shock wave front, (II) zone of chemical reaction, (III) Chapman-Jougout plane (corresponding to point A in 
the phase diagram, (IV and V) detonation products, (VI) formation of liquid droplets and finally, (VII) 
crystallization process towards the formation of nanodiamonds [33].  
 
With decreasing temperature and pressure, the liquid carbon solidifies and crystallizes into highly 
ordered diamond structures until reaching the diamond-graphite equilibrium line, from which the 
termination of the diamond shell with graphitic structures starts to occur [33]. Subsequently, the 
formed detonation soot must be purified by liquid oxidants (e.g. HNO3, HCl) or oxidized in air at 
elevated temperatures in order to remove non-carbonaceous impurities [69,70]. 
With regard to the predominant sp3 carbon core hybridization, ND inherits most of its properties 
from the well-known macroscale diamond with a Young’s modulus of 1000 GPa, a Vickers hardness 
of 10000 HV and a thermal conductivity of 2200 W m-1 K-1 [71]. Nevertheless, the surface of a ND, 
which is enclosed by sp2-hybridized carbon and functional groups, can be further chemically 
functionalized in several different ways, resulting in a wide range of potential applications for ND 
[72]. For further information, an extensive overview of the structure, properties and applications of 
ND is given by Mochalin et al. [33].  
2.1.2 Onion-like carbon (OLC) 
Onion-like carbon, also called carbon onions, are spheroidal, fullerene-like carbon nanoparticles 
(diameter of typically 5-10 nm), possessing a concentric, multi-shell configuration with an 
equilibrium interlayer spacing of 0.34 nm and predominant sp2 carbon hybridization (Fig. 6) [73,74]. 
Typically, these structures are highly defective, since hexagonal (aromatic) carbon bonding is not 
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enough to build a closed, spherical carbon shell. Main features of OLC are their high mechanical 
stability [31], very large surface area as well as high electrical conductivity (2-4 S cm-1) [73,75].  
 
Figure 6: a) Transmission electron micrograph of OLC, presenting the layered, onion-like morphology of the 
particle. b) Schematic of a defect-free, single OLC particle, showing the typical aromatic carbon multi-shell 
structure of sp2-hybridized carbon rings [74]. 
 
S. Iijima first discovered carbon onions in 1980 as a byproduct of carbon black synthesis [76]. 12 
years later, D. Ugarte was able to observe and understand the formation of OLC in situ by focusing 
an electron beam on carbon soot [77]. Since then, OLC were investigated for various potential 
applications ranging from tribology [36], over bioimaging [78] to batteries [79] and supercapacitors [73]. 
Despite other methods for OLC synthesis (e.g. arc discharge of graphite in liquids [80] or combustion 
of naphthalene [81] and many more), vacuum and inert gas annealing of nanodiamond precursors have 
turned out to be the most extended approaches of large scale OLC production nowadays [75,82]. 
Generally, the type of precursor and the synthesis conditions strongly influence the final OLC 
morphology and size (up to 100 nm in diameter possible). However, using the thermal annealing 
technique, very high purity OLC with typical sizes between 5 to 10 nm (high material homogeneity) 
are achieved at a relatively low price [73]. Since the OLC used in this dissertation were produced 
using this technique, the basic thermally induced transformation process of ND towards OLC is 
depicted in Fig. 7. 
The annealing process of ND allows for the precise tuning of the carbon sp2 to sp3-hybridization ratio 
as a function of the temperature. The transformation of a ND begins at the outer shell of the particle 
and continues stepwise to the particle core. At first, desorption of water and detachment of oxygen-
containing functional groups on the ND surface are observed for temperatures up to 200°C [83]. This 
is followed by the detachment of surface functional groups and the subsequent emission of CO and 
CO2, which leads to the formation and subsequent recombination of dangling bonds, thus starting to 
form the typical sp2 related π-bonds at around 700-800°C. 
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Figure 7: Schematic transformation process of ND to OLC as a function of temperature with corresponding 
TEM micrographs exemplifying the transformation stages. Variations in the individual stages can occur since 
the transformation process also depends on the used environmental conditions (inert gas or vacuum) and the 
nanodiamond precursor size [73,84]. 
 
Graphitization of the ND proceeds with increasing temperature, still providing a diamond inner core, 
until finally fully transformed and highly ordered carbon onions are built at temperatures higher than 
1700°C [85,86]. This is due to the fact that the high stability of the inner diamond core is usually 
associated to the buildup of internal pressure, as a consequence of the atomic rearrangement of the 
outer shell. During this process, the volume of the particles is enlarged with ND and OLC providing 
a density of 3.3 g cm-3 and 1.9 g cm-3, respectively. Since OLC are closed, mainly sp2-hybridized 
carbon structures, it is believed that they possess very high mechanical strength [31,36]. For more 
detailed information on OLC synthesis and applications, please refer to the review articles of 
Bartelmess et al. [75] or Zeiger et al. [73]. 
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2.1.3 Carbon nanotubes (CNT)  
Carbon nanotubes were discovered by Iijima [48] in 1991 and have experienced an increasing interest 
in research since then. CNTs are tube-like CNP with a very high aspect ratio (tube length to diameter 
ratio, roughly in the range of 1000/1), consisting of highly crystalline sp2-hybridized aromatic carbon 
rings. Morphologically, a CNT can be imagined as a rolled graphene layer forming a hollow cylinder 
with half fullerenes capping the ends [87]. Theoretically, the particles possess superior mechanical, 
thermal, and electrical properties and found numerous potential applications such as in tribology, for 
structural composites, energy transfer and storage [31,88–91].  
Generally, one can distinguish between a single-wall CNT (SWCNT) and a multi-wall CNT 
(MWCNT). A schematic is given in Fig. 8. 
 
Figure 8: Schematic of a) single-wall CNT and b) multi-wall CNT with an intertubular lattice spacing of 0.34 
nm. Modified from [92]. 
 
MWCNT consist of several concentrically arranged SWCNT with an equilibrium interlayer distance 
of around 0.34 nm [93]. The resulting diameter of a MWCNT is a function of the number of walls and 
typically ranges from 5-100 nm [94]. The physical properties of different CNT can vary significantly, 
which is why their atomic structure has to be considered in more detail. A graphene layer could be 
“rolled” in different ways, resulting in a wide variety of CNT chiralities. The chirality map (Fig. 9) is 
based on a planar graphene sheet with hexagonally bonded carbon atoms. Due to the system’s 
symmetry, a 30° wedge of possible different rolling directions can be defined. Within this wedge, a 
chiral vector Ch is given as a multiple (n,m) of two unit directions (a1, a2) of the hexagonal cells. It 
connects the origin atom with another atom, defining the connection point of the rolled graphene 
sheet and thus the chirality of the CNT. With its vector norm, the circumference of the tube is given 
as well. The normal of this vector is the tube-axis T and the tube diameter dt can be geometrically 
calculated, assuming that the tube is perfectly round [87].  
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Figure 9: A chirality map is shown, presenting a 30° wedge of a graphene sheet. The chiral vector Ch with the 
coordinate system being described by the unit vectors (a1, a2), the tube axis T and the tube diameter dt are 
presented and schematically illustrated. A color coding describes the electrical behavior of the SWCNT as a 
function of the integers of Ch [92]. 
 
Derived from this chirality map, three principal configurations can be distinguished: A “zigzag” 
configuration is given for (n, 0), an n=m configuration is called “armchair” and anything in between 
the two is denoted “chiral”. It is found that the properties of the SWCNT, for example the electronic 
properties (metallic, semi-metallic or semiconducting) are strongly related to their chiral vector [95]. 
The physical properties of SWCNT compared to MWCNT also differ significantly. Although no 
consensus has been reported in the literature, both can show a remarkable Young’s modulus of up to 
1 TPa [96]. However, the axial tensile strength or thermal conductivity, for example, reach values of 
20-30 GPa and 6600 W m-1 K-1 for SWCNT and 150 GPa and 3000 W m-1 K-1 for MWCNT, 
respectively [97–100]. In this context, CNT are known to provide extraordinarily high specific stiffness 
and strength (Young’s modulus or strength normalized by the density, respectively), resulting in a 
lightweight material, but possessing better mechanical properties than any structural material used 
nowadays. This is related to the presence of axial σ-bonds, regarded as the strongest bonds in nature 
[101]. Furthermore, a CNT can be bent and coiled without breaking, additionally allowing for almost 
full elastic restoration [102]. These properties make CNT particularly attractive as a reinforcing phase 
in composite materials with the aim of transferring their intrinsic properties to a macroscopic 
material. 
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Nevertheless, these outstanding physical properties described in literature would only be realizable 
for CNT in a “perfect” structural s well as deagglomerated state. This means that no structural 
defects in the carbon lattice and no exo- or endohedral contaminants should be present. Furthermore, 
it is well known that CNT tend to form large agglomerates of multiple entangled tubes due to their 
large aspect ratio and strong electromagnetic interactions. These interactions are caused by the 
delocalized π electron clouds, which allow for the spontaneous formation of dipoles and thus 
attractive Van der Waals forces. All of these requirements have been very challenging in CNT 
synthesis and processing during the last decades [103]. 
Regarding the CNT synthesis, the most commonly used methods are chemical vapor deposition 
(CVD), arc discharge and laser ablation [104,105]. Among those, CVD synthesis can be easily scaled to 
industrial quantities and provides good control over the morphology of the obtained CNT. The 
MWCNT that have been used in the present dissertation were produced by CVD, and thus this 
specific synthesis method is described in more detail. The CNT growth mechanisms in a CVD 
synthesis process are presented schematically in Fig. 10. 
 
Figure 10: Growth mechanism of CNT in a CVD process showing a) the tip-growth model and b) the base 
growth model at different stages [106]. 
 
CVD, particularly catalytic CVD, is usually done in a fluidized bed with organometallics as catalysts 
(e.g. ferrocene) [107–109] or by thermal decomposition of a hydrocarbon gas (e.g. methane, ethylene, 
benzene) in the presence of a metal catalyst (e.g. Ni, Co, Fe). In the second case, a hydrocarbon gas 
(CxHx in Fig. 10) is passed through a reactor containing a heated metal catalyst (600-1200°C) on 
which CNT start to grow. As soon as the hydrocarbon vapor gets in contact with the hot metal 
catalyst, it decomposes into carbon and hydrogen with carbon subsequently being dissolved into the 
metal. After reaching the carbon solubility limit (or even beyond that limit), carbon precipitates are 
formed, crystallizing to a cylindrical network with no dangling bonds. The interplay of exothermal 
decomposition of hydrocarbon and endothermal carbon crystallization keeps the process running. 
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Two basic models are distinguished, depending on the metal catalyst to substrate material 
interaction. If the interaction is weak, carbon diffuses to the bottom of the catalyst where it 
crystallizes and pushes the metal particle off the substrate. This process continues until the top 
surface of the particle is fully covered with excess carbon. This model is called “tip-growth model” 
and is schematically presented in Fig 10 (a). In the case of the second model, the “base growth 
model” (Fig. 10 (b)), the catalyst-substrate interaction is strong, thus the crystallizing carbon growth 
on top of the metal particle, first forming a hemispherical dome which is then extended with the form 
of a graphitic cylinder. Both, SWCNT as well as MWCNT can be produced using this method, 
mainly depending on the metal catalyst particle size and type. For example, for very small particles 
(few tens of nm in diameter), SWCNT formation is expected whereas for larger particles, MWCNT 
formation is favored. However, CNT synthesis depends on many more parameters such as the used 
hydrocarbon, catalyst, pressure, temperature, gas-flow rate, deposition time and reactor geometry. A 
good overview of CVD synthesis of CNT is given by Kumar et al. [106], whereas a general 
introduction towards other synthesis methods is provided by Mubarak et al [110]. 
2.1.4 Raman spectroscopy characterization of CNP  
After having introduced different CNP, it becomes evident that their atomic structure and 
morphology is the key to their physical properties. Hence, characterizing these features is essential 
when processing the particles to use them for a specific application. Various techniques have been 
proposed to characterize CNP (e.g. X-ray photoelectron spectroscopy (XPS), transmission electron 
microscopy (TEM), etc.) [87]. Even though all of these methods are very useful and irreplaceable 
tools in their particular way, one quick but still precise method for advanced CNP characterization 
stands out: Raman spectroscopy [111]. However, the intention of the following section is not to 
introduce Raman spectroscopy as a method, but rather to give a short introduction to the state of the 
art in using this technique for characterization of sp2 and sp3 carbon structures. For a more general 
approach and an introduction to Raman spectroscopy, please refer to Gardiner and Graves [112]. 
In Raman spectroscopy, excitation of the atomic structures is typically done with a monochromatic 
light source (laser) of specific known energy (wavelength). This being said, the first difference 
between sp2- and sp3-hybridized carbon structures must be discussed, which is that sp2 domains with 
their characteristic π-bonding are up to 230 times more sensitive to visible light excitation compared 
to those with sp3 hybridization [113–115]. This has been related to differences in the Raman cross-
sections based on calculations of Loudon [116]. An ultraviolet (UV)-laser with a wavelength of 244 
nm produces a radiation energy of 5.08 eV, which is close to the energy band gap between electronic 
states of the σ bonds, for example in diamond (5.47 eV). This fact allows for near-resonance 
conditions, which enhance the Raman signal [114]. In contrast, green laser light (wavelength of 514.5 
nm) produces a radiation energy of only 2.41 eV, being far from resonance. 
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Analyzing an sp2-hybridized nano-graphite sample using a green laser and looking at its typical 
Raman spectrum in Fig. 11, the main characteristic bands of graphitic carbon can be found. These 
Raman bands are the so-called D, G, D’ and G’ band [117]. 
 
Figure 11: a) Raman spectrum of a nano-graphite sample including the main characteristic peaks for a Raman 
analysis of graphitic carbon (except for *, which is a Raman mode of N2 gas and was present recording the 
spectrum). The excitation wavelength was 514.5 nm. Furthermore, schematics illustrating the vibrational 
modes of the carbon lattice corresponding to b) the G-mode and c) the D-mode are added. Modified from 
[115,117]. 
 
Starting off with the most pronounced peak in Fig. 11 (a), the G-band at around 1580 cm-1 is the 
most representative band for sp2-hybridized carbon structures. If this peak is observed, sp2 carbon 
networks are present. The G-band is generated by tangential vibrations of sp2 carbon atom chains, 
not requiring the presence of six fold carbon rings (Fig. 11 (b)) and its width can be used to describe 
the degree of crystallinity of the sample [58,118]. However, nearly all graphite materials show some 
defects. Thus, the D-band (1350 cm-1) as well as the D’-band (1620 cm-1) are assigned to the 
presence of disorder. The intensity of the D-peak can be attributed to the number of defects or 
impurities whereas its width is correlated to the variety of impurities present [119]. The D-band arises 
by radial breathing of the hexagonal carbon lattice (Fig. 11 (c)), which is forbidden in a perfect 
single crystal graphitic lattice and only becomes active in the presence of disorder [115]. 
The peak with the second highest intensity in Fig. 11 (a) corresponds to the G’-band and is found at 
around 2700 cm-1. It originates from a two-phonon, second order scattering process, the name being 
misleading as it is not related to the G band, but is a harmonic of the D-band [120]. Although related to 
the D-band, it is insensitive to defects of the graphitic structure and indicative for the long-range 
order of the structures. This is evident as with less ordering of the structure, coupling of the atoms 
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ceases, which would be necessary for a two-phonon process [120]. Thus, highly crystalline carbon 
structures with long-range order typically show a very pronounced G’-band intensity. 
Other peaks (e.g. RBM, LA, LO etc.) also contribute to the Raman spectra of certain graphitic 
structures and allow for their distinction [119]. However, the above-mentioned are present for sp2 
carbon structures and are thus commonly used for their structural integrity assessment (quality 
control). For a more in-depth analysis of all the bands and modes involved in the Raman spectrum of 
graphitic carbon, please refer to Dresselhaus et al. [119] and Pimenta et al. [117] 
Since Raman spectroscopy is a volume-sensitive technique, absolute intensities must not be used for 
a quantitative comparison. Instead, intensity ratios, such as the ID/IG, or the IG’/ID ratio are widely 
accepted with the first one known as the defect index and the latter one as purity index. In this 
regard, the intensity ratios of the maximum peak intensities or the ratios of the integral peak intensity 
may be used. In the case of using the integral peak intensity, the full width at half maximum 
(FWHM) of the peaks, being related to the crystallinity of the analyzed graphitic carbon structure [85], 
is included in the analysis. A lower FWHM typically means that a higher crystallinity of the carbon 
structure is present, since the energy differences of the resonance are small [121]. However, both 
approaches regarding the evaluation of intensity ratios for a Raman analysis of carbon structures are 
accepted in literature and provide the same tendencies [50].  
The defect index (whether determined by maximum intensity or integral intensity ratio) is associated 
with the amount and density of structural defects in the graphitic lattice. The early work of Tuinstra 
and König [122] in 1970 already noticed the inverse proportional correlation of the defect index and 
the crystal domain size La. However, 36 years later, it was the work of Cançado et al. [123] providing a 
general equation for a quantitative correlation of these parameters as a function of the used laser 
excitation wavelength (see equation 1). Using this equation, the coherent diffraction domain 
size/mean defect-to-defect distance can be calculated. 
𝐿𝑎 = (2.4 ∙ 10
−10)𝜆𝑙𝑎𝑠𝑒𝑟
4 ∙ (
𝐼𝐷
𝐼𝐺
)
−1
 (1) 
Regarding the purity index, DiLeo et al. [120] were the first to come up with a quantification of the 
purity of MWCNT based on the IG’/ID intensity ratio. They used Raman spectroscopy to measure 
previously prepared MWCNT containing varying, known amounts of carbonaceous by-products, 
successively decreasing the MWCNT purity. The correlation of the intensity ratios ID/IG, IG’/IG and 
IG’/ID showed, that the IG’/ID ratio is in very close correlation to the purity level of the measured 
MWCNT and thus, a purity quantification using this ratio became possible. Other works also refer to 
the mentioned intensity ratios, such as the work of Ferrari and Robertson [115].  They proposed a 
three-stage phenomenological amorphization trajectory model, describing the degradation of highly 
crystalline graphitic carbon towards amorphous carbon. The model is based on an interpretation of 
the defect index but also on the wavenumber of the G-band position (XCG), as shown in Fig. 12.  
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Figure 12: Phenomenological three-stage amorphization model of crystalline graphite towards tetrahedral 
amorphous carbon. The model also allows for a quantification of sp3 carbon as a function of the defect index 
and the G-band position. First, nanocrystalline graphite is formed before the amorphization towards amorphous 
carbon (a-C) and finally tetragonal amorphous carbon (ta-C) proceeds. Modified from [115]. 
 
It was observed, that the G-band shift in highly crystalline graphite derives from the appearance of 
the disorder-induced D’-band at 1620 cm-1, which convolutes with the G peak for small crystallites. 
Fitting of the G-peak thus results in a net increase in the G-band position. With the defect index 
vastly increasing at the same time, it is concluded, that a transition from monocrystalline to 
polycrystalline structures occurs [115]. 
In stage two, XCG decreases from 1600 cm-1 to 1510 cm-1 with the defect index approaching a value 
of 0 at the same time, indicating strongly distortional carbon structures providing no long-range 
order. Hence this stage represents the transition from nanocrystalline graphite to amorphous, mainly 
sp2 carbon structures. In stage 3, passing from a-C (amorphous carbon) to ta-C (tetragonal 
amorphous carbon) involves a rise in sp3 content from 10–20 % to 85 % and a gradual change of 
carbon hexagonal rings to tetragonal chains [115].  
With regard to CNP, for high purity, highly crystalline CNT, the above-described methods can be 
used for a structural characterization. Detailed analysis and explanation of all the Raman peaks in the 
spectrum of CNT can be found in Dresselhaus et al. [119]. In contrast to CNT, OLC are already highly 
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defective in their pristine state. Additionally, with the particles being only 5 – 10 nm in size, 
analyzing long-range order of graphitic carbon networks indeed becomes non-trivial. Nonetheless, 
since OLC are derived from ND, large amounts of information can be derived when analyzing the 
structural transformation process of ND to OLC using Raman spectroscopy [33].  
The transformation process was analyzed using Raman spectroscopy by Cebik et al. [50] and is found 
in Fig. 13. 
 
Figure 13: a) Raman spectra of the transformation process from ND to OLC as a function of the annealing 
temperature from room temperature to 1000°C (recorded with a UV laser excitation of 325 nm). b) Diamond-
band and c) G-band deconvolution for ND particles [33,50]. 
 
The typical Raman spectrum of ND (measured using UV-excitation) as well as a deconvolution of its 
peaks is shown in Fig. 13 (b) and (c). The diamond peak is found at around 1330 cm-1 and is derived 
from large domain scattering. It is overlapped with a second broad peak at 1250 cm-1, which is 
assigned to partially crystalline or even amorphous diamond, concurring with a short-range order 
scattering type of Raman mode [124–126]. Thus, the peaks are related to a signal combination of large 
and small domain scattering, respectively [33]. Due to this convolution, the absolute position of the 
diamond peak can be used to estimate diamond crystal sizes [50]. Furthermore, with decreasing 
crystallite size and increasing content of non-diamond phases, the full width at half maximum 
(FWHM) of the diamond peak increases [127].  
Generally, Raman features above 1360 cm-1 cannot be due to C-C sp3 vibrations [50]. The shifted G-
band position at 1640 cm-1 in Fig. 13 (c) is explained by the combination of three peaks. The first 
one can be identified as the sp2 carbon derived G-band at 1580 cm-1. The higher wavenumber peaks 
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are usually observed in UV Raman spectra of amorphous carbon containing a high concentration of 
carbon atoms with tetrahedral bonding [114]. These two bands provide wavenumbers too high for one-
phonon scattering in carbon materials, thus they are assigned to functional O-H groups and to 
stretching vibrations of carbonyl C=O groups, which are attached to the ND surface, derived from 
detonation synthesis [33,114,128]. Further smaller peaks in the Raman spectrum of ND can be observed 
and are discussed in more detail in Cebik et al [50]. 
With increasing annealing temperature up to 1000 °C, a transformation from sp3 to sp2 carbon 
hybridization is noticeable in the Raman spectra in Fig 13 (a). The number of atoms of a 0-D particle 
increases strongly with its diameter. Hence, the Raman signal coming from the outer shell should be 
the strongest and dominate the spectrum. As the transformation of ND to OLC starts at the outer 
shell of the particle, this results in a high sensitivity for the transformation process using Raman 
spectroscopy. At 600-1000 °C, the described up-shifted G-peak of ND starts to decrease to lower 
wavenumbers and an additional peak at around 1400 cm-1 is formed. This peak can be assigned to an 
up-shifted defect-induced D-band of OLC. Annealing ND at higher temperature involves purification 
of the particles, which explains the decreasing wavenumber of the G-band, since surface functional 
groups are detached and the typical sp2 carbon G-band at around 1580-1600 cm-1 is obtained. 
All the discussed information in this chapter is useful to understand the degradation mechanisms of 
CNP in a tribological contact and thus, Raman spectroscopy is considered a key technique of the 
present dissertation. 
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2.2 Metal matrix composites (MMC) 
Composite materials are defined as a combination of at least two materials that exhibit chemical, 
physical or morphological differences. The combined materials must not dissolve into each other and 
thus form an interface. Furthermore, it is expected that their combination results in a synergetic 
effect, named the composite effect [129].  
In MMC, the matrix is usually the phase with the largest volume content, providing ductility as well 
as load transfer to the reinforcement phase. The reinforcement phase usually has certain desirable 
physical properties (e.g. stiffness, electrical conductivity etc.), which, however, cannot be taken 
advantage of separately. By introducing this phase into the matrix, these properties can at least 
partially be transferred to the composite and thus be integrated into a technically usable system [129]. 
The material class of MMC can be sub-classified, considering the type and contribution of 
reinforcement components, into particle-, fiber- and layer composite materials (Fig. 14). With regard 
to fiber composite materials a distinction between continuous fiber composite materials (multi- and 
monofilament) and short fibers or whisker composite materials is made [23].  
 
Figure 14: Basic classification of MMC 
 
The properties of MMC can be designed so as to fit the requirements of the intended application (e.g. 
light weight but high strength). They are often employed as structural and functional materials such 
as fiber reinforced pistons, aluminum crankcases with strengthened cylinder surfaces or particle 
strengthened brake discs, in the automotive or aerospace sectors. MMC are also broadly found in 
other application fields such as magnetic materials, electronics or wear-resistant sliding contact 
materials [23–25].  
The latter was chosen in the present thesis, as it offers the possibility to transfer promising physical 
properties of the reinforcement phase to a machineable, macroscopic material [130]. Since CNP 
provide promising properties to act as solid lubricant, their use as reinforcement phase in MMC in 
order to produce a self-lubricating system is a logical consequence. Self-lubricating composites in 
general have been around for many years and find applications for example in bearings and piston or 
cylinder liners in engines. These composites are developing into an important class of tribological 
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materials and offer new ways to combat friction and wear under extreme conditions [21]. However, 
despite the selection of a matrix and reinforcing material, processing parameters must also be chosen 
carefully so as to achieve the desired composite properties. This is due to the fact that the properties 
strongly depend on the microstructure and density of the composite as well as the formation of 
interphases, partially tunable by simple variables. The typical methods involved in MMC production 
will therefore be discussed in the following section. 
2.2.1 Blending, processing and microstructural tailoring 
There is an overwhelming wealth of literature and publications on the processing of MMC with 
different reinforcement phases and matrix materials. So, to keep the focus on the present dissertation, 
only the blending and processing of CNP-reinforced MMC are considered in this chapter. In this 
regard, only solid-state processing (powder metallurgy) has to be covered, since liquid-state 
processing is typically not used to produce CNP-reinforced MMC. 
CNP are typically present in agglomerated form when purchased or produced, resulting from 
molecular, electrostatic interdependencies such as Van-der-Waals or dipole-dipole interactions. 
Hence, the CNP must be dispersed before being blended with the metal powder, which can be done 
in different ways. Those methods include dipping, nanoscale dispersion processing, magnetic 
stirring, layer stacking, colloidal mixing, molecular-level mixing, friction stir processing, ball 
milling, roller mixing and others [121,131–140]. Out of those, the three most common can be described in 
more detail: molecular level mixing, ball milling and colloidal mixing. 
Molecular level mixing 
This method involves functionalizing the CNP with surface functional groups (e.g. –OH, -COOH 
etc.) in order to be able to decorate them with metal ions. This is typically done by acid treatment of 
the particles [141]. Subsequently, CNP are dispersed in a solvent and a metal salt as well as reducing 
agent is added so as to form metal oxides on the CNP surface, with the functional surface groups 
acting as nucleation centers (Fig 15 (a) and (b)). After this, the powder is calcinated and reduced 
(e.g. in a hydrogen atmosphere), leading to a full encapsulation of the CNP by the reduced metal 
(Fig 15 (c) and (d)).  
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Figure 15: Schematic of the molecular-level mixing method in the case of CNT. a) Functionalization and b) 
metal oxide decoration followed by c) calcination and reduction leading to metal encapsulated CNT in d) [103]. 
 
Due to the full encapsulation of the particles, a very homogeneous interface is formed and CNP 
reagglomeration is prevented, resulting in a very good mixing of the metallic phase and the CNP. 
This method is often used in applications where a good interfacial bonding is critical. However, since 
the method involves particle functionalization, covalent bonds of the CNP are broken, significantly 
diminishing their outstanding physical properties[37,103,142–146]. 
Ball milling 
In this method, CNP, the metal powder and hard balls (e.g. hardened steel) are filled in a planetary or 
attrition ball mill, rotating with a defined speed (Fig. 16 (a)). 
 
Figure 16: a) Schematic of ball milling. Integration process of CNP into the metal particles is shown in b), c) 
and d) [103]. 
 
By rotating the mill, the inserted hard balls collide with the powder, leading to comminution, 
welding and integration of CNP into the metal particles, as schematically presented in Fig. 16 (b) – 
(d). The processing parameters of this method range from the rotational speed, over different balls 
and powder ratios, ball diameters, atmosphere, and reducing agents, to the mixing time, and 
determine if the process is considered as high- or low energy ball milling. This difference is made 
due to the main drawback of this method, which is the degradation of the CNP. Since high pressures 
(up to 30 GPa [147]) are attained when two balls collide, the CNP can be degraded thus losing their 
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intrinsic properties to some extent. Nonetheless, this method is widely used and provides a 
homogeneous distribution of CNP in a metal matrix [103,148–153]. 
Colloidal mixing 
Disaggregated CNP can be mixed with the metal particles in a solvent, usually with ultrasonic 
agitation or shear mixing as illustrated in Fig. 17 (a) and (b). The used solvent (e.g. ethylene glycol 
or Dimethylformamid (DMF)) as well as the CNP surface plays a critical role in the dispersion and 
stability of the mixture. The surface of CNP is sometimes functionalized in order to stabilize the 
obtained dispersions, which, however, leads to a deterioration of their intrinsic, physical particle 
properties. Further information about different solvents, their advantages and limitations regarding 
this process can be found in Cheng et al. [154]. 
 
Figure 17: Schema of colloidal mixing. Ultrasonication is used to disaggregate the CNP and metal particles are 
added (a), followed by a merging of the two phases in the solvent (b). The solvent is evaporated (c) yielding a 
mixture of CNP and metal powder (d) [103]. 
 
Concerning ultrasonication or shear mixing, various works in literature disagree on its positive or 
negative influence on the structural integrity of the particles. For example, Hilding et al. [155] report 
about the breaking and shortening of CNT as a function of time in an ultrasonic bath. Hence, using 
this method, a careful evaluation of the time and power of the particle dispersion method has to be 
done in order to avoid damaging the CNP. After disaggregating and mixing the particles, the solvent 
is usually evaporated and a mixed powder of CNP and metal particles is left [103,156–163].  
In contrast to molecular level mixing, colloidal mixing can be done avoiding a functionalization of 
the particles. Additionally, a lower degradation compared to ball milling is expected thus possibly 
preserving the physical properties of the particles. For this reason, this colloidal mixing was 
selected in the present dissertation for mixing CNP and metal particles and a systematic 
investigation of the dispersion process is provided.  
The merged powder, obtained using the methods described above, is then further processed into 
dense, solid composite materials. This bottom-up process is known as sintering and involves the 
application of heat and often pressure, for a certain time under a vacuum or inert gas atmosphere. 
However, a large variety of methods exist and sintering is done by one or a combination of methods, 
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such as spark plasma sintering (SPS), friction stir processing, hot extrusion, hot uniaxial pressing 
(HUP), cold pressed sintering (CPS), high pressure torsion (HPT), hot isostatic pressing (HIP) 
microwave sintering, mechanical alloying or laser engineered net shaping [103]. Before further 
discussing these methods, a short introduction to the basic sintering mechanisms is given in the 
following. 
The driving force of sintering is the reduction of the total interfacial energy, which is a function of 
the specific interfacial energy and the total interfacial area, both changing during the sintering 
process due to the replacement of solid/vapor interfaces with solid/solid interfaces. The sintering 
process can be divided into three stages, shown in Fig. 18. In general, the sintering rate 
(densification rate) increases with decreasing particle size and with increasing sintering temperature, 
pressure and time, among other factors. All of these however, share some general sintering stages. 
 
Figure 18: Densification curve of a powder compact, showing the three sintering stages [164].  
 
The first preparation step of the sintering process is often a pre-compaction of the powder at room 
temperature. During this process, a so-called green body is obtained, providing a geometrical shape 
close to that of the final composite. As soon as the green body is exposed to a certain threshold 
temperature (which depends on the melting point of the used metal matrix), the first stage of 
sintering is reached with the typical “neck formation” observed. This process involves the 
connection (neck) of the metal particles and is dominated by a lattice diffusion of atoms to the grain 
boundaries and from the grain boundaries to the neck, thus forming a diffusion path for the material 
to connect. During this stage, only a 3% increase in relative density of the composite is noted [164].  
With the necks being formed, interconnected pores are built, initializing the intermediate sintering 
stage. During this stage, grain growth is induced and the channel sizes, connecting the individual 
pores, are reduced, leading to a significant compaction of the composite up to a relative density of 
93%. 
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The final 7 % of densification must be achieved in the final sintering stage. However, it is very hard 
and time consuming to achieve almost full densification. During this stage, the interconnecting pore 
channels are closed, resulting in isolation of the pores and the appearance of pressure when pore size 
shrinking occurs as a consequence of adsorbed gas evaporation at the solid/air interfaces. Thus, the 
final densification of powder compacts is strongly affected by the sintering atmosphere, since gas is 
entrapped within the pores. Applying external pressure during this stage significantly helps in 
achieving higher relative densities of the final sintered composite due to an enhanced creep activity 
and plastic deformation. Hence, a general distinction is made between pressureless and pressure-
assisted sintering techniques. For further information on occurring mechanisms and sintering models, 
please refer to the book of Kang [164]. Among others, three of the most used techniques, CPS, SPS 
and HUP, will be discussed in more detail in the following. 
Cold Pressed Sintering (CPS) 
The CPS process can be easily up scaled, allowing for the production of large quantities of materials. 
After the powder is filled in a die, the powder is pre-compacted using a cold uniaxial press, 
producing the green pellet. This pellet is subsequently sintered in a furnace under vacuum or inert 
atmosphere (Fig. 19). 
 
Figure 19: Schematic of CPS, visualizing cold pressing of the green pellet and subsequent pressureless 
sintering in a furnace [103]. 
 
The main drawback of this method is the obtained low densification (usually not more than 93% 
relative densification). The mechanism is based mainly on lattice and grain boundary diffusion, 
which does not allow for full densification without the presence of additional pressure or very long 
sintering times. If pressure is applied, plastic deformation and creeping are added as additional 
sintering mechanisms thus increasing the driving forces and kinetics of the sintering mechanism. 
Hence, the sintering temperature and time can be reduced to a significant degree [164]. 
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Spark Plasma Sintering (SPS) 
One of the methods involving the use of pressure is SPS. The mixed powder is pre-compressed to a 
green pellet using graphite punches, whereupon a pulsed DC voltage is applied inducing a high 
electric current flow, heating and thus sintering the green pellet by Joule heating. During this 
process, a constant pressure is held. A schematic of this process can be found in Fig. 20. 
 
Figure 20: Schematic of SPS, showing pre-compaction of the powder by cold pressing using graphite punches, 
followed by applying a high current (pulsed electric DC) but keeping the applied pressure. Thus, sintering is 
performed by electrical resistance heating [103]. 
 
The method allows for very fast heating rates (several hundred °C/min) and thus a high sample 
throughput. However, the maximum pressure that can be generated is limited by the mechanical 
properties of the graphite punches, typically not withstanding a normal pressure of much more than 
80 MPa. Considering the resistance heating used in this technique, large differences in the electric 
conductivity of reinforcement phase and metal matrix can be a problem and possibly lead to the 
formation of large pores and no full densification [103]. Despite this, high quality composite materials 
with very high densification can be produced very quickly. 
Hot Uniaxial Pressing (HUP) 
In the case of the HUP method, a pre-compacted green pellet is inserted in a steel die and alumina 
punches are used to apply a uniaxial pressure. This technique allows for a pressure of several 
hundreds of MPa during the sintering process. Heating is achieved by induction, which limits the 
possible heating rate and renders HUP a very time-consuming sintering process. The basic principle 
is illustrated in Fig. 21.  
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Figure 21: Schematic process of HUP, demonstrating the pre-compaction process by cold pressing using 
alumina punches which is then followed by inductive heating while keeping a constant pressure to sinter the 
sample [103]. 
 
Although a slow technique, very high quality composites with almost full densification can be 
produced [103].  
Compared to SPS, HUP is not very sensitive to differences in physical properties (such as electrical 
conductivity) of the reinforcing phase and matrix material. Nonetheless and in contrast to CPS, it 
allows for the production of high quality, low porosity composites. Hence, for the present 
dissertation, this technique is chosen for the production of CNP-reinforced MMC.  
Solid state sintering allows for microstructural tailoring of the final composite, affecting final grain 
size, density, distribution and interface of the reinforcement phase. In addition to the possibility to 
control the microstructure of the composite by the aforementioned sintering parameters [165], it has 
been demonstrated that the addition of CNP acts on the grain boundary mobility by hindering their 
displacement during grain growth [41,166–169]. This effect refines the final grain size of the obtained 
composite and thus influences the mechanical behavior by grain boundary strengthening according 
to the well-known Hall-Petch effect [170]. The mechanism of a hindered grain growth can be 
explained by the Zener-pinning effect, based on the equilibrium of the pinning pressure of the CNP 
on the grain boundaries (exerted by the drag force of all the CNP on the grain boundaries) and the 
driving pressure for grain growth [171]. The extent of the grain refinement effect largely depends on 
the reinforcement phase distribution and interface [172]. The factors affecting the distribution of the 
CNP in the metal matrix are still not fully understood and are therefore subject of research of the 
present dissertation.  
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2.2.1 CNP reinforced MMC  
Typically, MMC reinforced by large particles are prone to defect formation such as cracks during 
mechanical testing which can result in the ultimate failure of the composites. Reducing the 
reinforcement particle size in MMC to the nano-size range could possibly resolve some of the 
limitations such as poor ductility and elongation, poor machinability, and reduced fracture toughness 
of MMC [16]. In this chapter, a short overview is given regarding the reinforcing mechanisms 
involved specifically in CNT-, OLC- and ND-reinforced MMC as well as the challenges associated 
to their processing. Since the research progress in CNP-reinforced MMC differs significantly 
depending on the CNP used, a discussion for each of the three CNP is provided in the following. 
CNT reinforced MMC 
CNT-reinforced MMC have so far shown great potential in load bearing applications, which is 
mainly due to the interesting mechanical properties of CNT. In this field, CNT-reinforced Al, Mg or 
Ti matrix composites are used to obtain lightweight materials with high specific strength [173–177]. 
CNT reinforcement provides the ability to induce a grain refinement effect based on Zener-pinning. 
In addition, a proper distribution of CNT acts as an obstacle for dislocation movement, activating 
another strengthening mechanism known as particle dispersion strengthening or Orowan-
strengthening [169,173,178]. The CNT might hinder dislocation movement during plastic deformation 
thus strengthening the composite. Furthermore, CNT possess a very low or even negative coefficient 
of thermal expansion in a wide temperature range [179,180]. Thus, the combination with a metal (high 
coefficient of thermal expansion) can result in a strengthening due to thermal expansion mismatch. 
For one part, the strengthening depends on the volume content of the CNT in the metal matrix [177]. 
For the other part, however, it has been reported that the strengthening effect strongly depends on a 
homogeneous, fine dispersion of the particles, which is often difficult to achieve [131,173].  
This being said, enormous efforts have been put into the development of a method to produce a fine 
dispersion of CNT within a metal matrix, all involving either particle functionalization (covalent or 
non-covalent) or high energy merging techniques (e.g. ball milling) [141,181–184]. As already discussed, 
these techniques result in the breaking of covalent bonds or include a molecular wrapping of the 
particles, which would induce chemical modification of the composite. In any case, it influences the 
interfacial bond between the CNT and the metal matrix by allowing the carbon to diffuse to the 
metal, especially at degraded sites, thereby allowing for the formation of metal carbides, or by 
preventing a seamless interface between the CNT and the metal matrix in the case of molecular 
wrapping.  
With regard to the interface between CNT and a metal matrix as well as their cohesiveness, it is 
evident that it plays a decisive role with regard to the load transfer from metal to CNT, also known 
as the shear lag model [140,178,185]. In this model, the stress is transferred from the matrix to the CNT 
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through the interface and is related to the shear stress τ between CNT and the matrix material, as can 
be seen in Fig. 22.  
 
Figure 22: Schematic illustration of the influence of CNT orientation relative to the external applied load σ on 
the load transfer of metal to CNT [140]. 
 
However, the formation of a carbide interphase between metal matrix and CNT also depends on the 
used matrix and is a matter of debate in the literature. There are contradictory statements as to 
whether an interphase is formed at all when CNT are embedded in a metallic matrix or in which 
matrix systems this occurs (especially in the case of Al with its tendency to form the Al4C3 phase) 
[173,185,186]. Further, it is rather unclear, if the formation of an interphase would help in load transfer or 
not, since a carbide phase is usually brittle. Also, interphase formation involves degradation of the 
CNT and thus, diminishes their intrinsic mechanical properties [140,187,188]. Additionally, it has been 
discussed, that the orientation of the CNT and the respective interphase relative to the applied 
external stress is crucial, as it is also schematically demonstrated in Fig. 22. 
Due to the variability of processing methods and parameters used and the lack of characterization 
methods that are able to identify an interphase formation of probably 1-2 nm in size, this discussion 
is indeed non-trivial. 
Despite mechanical reinforcement, electrical or thermal transport properties have also been in the 
scope of research, predominantly in the case of CNT-reinforced Cu matrix composites. Regarding 
the excellent thermal and electrical conductivity of CNT, this is evident with CNT expected to 
present a ballistic-type of electrical conduction [175,189]. It has been reported that obtaining individual 
CNT after dispersion in the metal matrix as well as avoiding CNT functionalization is critical for an 
improvement in this sector [159,190–192]. This explains why improvements were only obtained for low 
concentrations of CNT, which is due to their tendency to agglomerate at higher concentrations 
[159,192].  
Although impressive effects of metal matrix reinforcement by CNT have been demonstrated in the 
past, chemical modification of the particles, interphase formation with the metal matrix (e.g. a 
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carbide formation) or degradation of the particles in various studies have made it hard to 
systematically investigate or compare the reported effects. Thus, in order to understand the impact of 
CNT as a reinforcement phase for different applications, these particle modifications should be 
avoided. In this regard, nickel has appeared to be a suitable candidate for a fundamental investigation 
of these effects since the only carbides formed by Ni are of metastable nature within a wide 
temperature range, as can be seen in Fig. 23. 
  
Figure 23: Gibbs free energy of formation of several carbides in different metal systems as a function of 
temperature [140]. 
Ni3C is, among all possible carbides, the one with the lowest formation energy (26.36 kJ/mol) and 
was reported not to form an interphase when CNT are used as reinforcement phase [193,194].  
For this reason, nickel is chosen as metal matrix material to be reinforced with CNP in the present 
dissertation. This is done in order to prevent influences of a carbide phase formation on the studied 
tribological effects of CNP as reinforcement phase in MMC.  
Good overview on the topic of CNT-reinforced MMC are also provided by Bakshi et al. [32] or Tjong 
[195]. The state of the art related to CNT reinforcement of MMC for tribological applications will be 
discussed in detail in section 2.4.2 of the present dissertation. 
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ND reinforced MMC 
In the case of ND, research is mainly focusing on ND-reinforced Al, Ni or Cu as metal matrix. 
Popov et al. [196,197] discussed the effect of nanodiamond addition to aluminum composites on the 
stabilization of the microstructure for different annealing temperatures. He observed, that the 
recrystallization process is delayed compared to the unreinforced Al and higher temperatures are 
needed in order to induce grain growth. Furthermore, they have shown that also for ND-reinforced 
Al composites, the formation of a carbide interphase (ND particle-size-dependent) might be critical 
for the reinforcement effect. In this regard, it has been shown recently, that a carbide formation can 
be observed already at 400-450°C for very small ND, whereas up to 800°C is needed in the case of 
larger ND particles [198].  
Further works used ND as reinforcement phase for Al in conjunction with CNT [199]. Highly 
increased hardness and strength of the composite were measured, explained similarly to the CNT-
reinforced composites by the Hall-Petch effect, Orowan strengthening, thermal mismatch and shear 
lag [199,200]. The higher intrinsic hardness of the particles surely assists in the hardening process of the 
composite with very homogeneous dispersions of ND being obtained in these studies. Further 
research regarding structural materials has been done by Livramento et al. [167] or Nunes et al. [201,202], 
processing ND-reinforced nano-Cu or -Ni by mechanical alloying, SPS and hot extrusion, in order to 
improve hardness. This was argued to be a consequence of hindered dislocation mobility and the 
resulting difficulty in plastic deformation of the material. However, the work also highlights ND-
reinforced Cu matrix composites as a valid material for thermal management applications for 
example in electronics, since ND provide a very high thermal conductivity. In contrast, Yu et al. [203] 
have investigated ND-reinforced Zinc composites for biodegradable implants, which exhibit lower 
hardness and strength compared to the unreinforced Zinc while corrosion resistance is improved. 
However, much of the research in the field of ND-reinforced MMC is done with spray or 
electrochemical coatings in order to improve the mechanical or tribological behavior of surfaces 
[41,42,204–206]. In this regard, tribological properties of ND as reinforcement material will be discussed 
further in chapter 2.4.2 of the present dissertation. 
OLC-reinforced MMC 
So far, there is no literature on OLC-reinforced MMC. However, some of the reinforcement 
mechanisms of CNT and ND such as grain refinement due to the Zener-pinning effect, Orowan 
strengthening or shear lag are expected to also occur with OLC. Their properties as a reinforcement 
phase in MMC for tribological applications are yet unexplored. 
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2.3 Strategies to control friction and wear of surfaces 
In general, friction and wear can be altered through lubrication, surface design and the base materials 
[21,207]. Of course, despite these three points, the stress collective, which includes the applied normal 
stresses, the velocity, the runtime, the kinematics and environmental conditions, has to be considered 
[207]. Although these parameters can sometimes be selected individually in order to optimize a 
tribological system, they are often predefined due to the intended field of application (e.g. spacecraft, 
high-temperature applications etc.). Thus, lubrication, surface design and base material have to be 
chosen carefully in order to fit the given requirements. This is briefly discussed in the following [207]. 
Lubrication 
When it comes to lubrication, a general distinction between liquid and solid lubrication is made. In 
most applications nowadays, liquid lubricants such as oils or greases are used. For liquid lubrication, 
different operating regimes have to be distinguished depending on the viscosity, the velocity and the 
contact pressure, which is described by the Stribeck curve (Fig 24).  
 
Figure 24: Schematic illustration of the Stribeck curve for liquid lubrication, showing the three main 
lubrication regimes: boundary, mixed and hydrodynamic lubrication. 
 
This curve determines the lubrication regime, subdivided into boundary, mixed and hydrodynamic 
lubrication. For example under hydrodynamic lubrication, the physical properties of the liquid 
lubricant, such as viscosity and traction, determine the performance of the system. What is special 
about this regime compared to the others, however, is that it completely separates the two surfaces in 
relative movement and thus reduces wear to a minimum, allowing for very long service lifetimes of 
the lubricated components. Liquid lubrication further provides many more advantageous properties, 
such as the ability to dampen or cool the tribological system. Nevertheless and despite all the 
advantages over solid lubricants, liquid lubricants also have their limits, which justify the use of solid 
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lubricants for certain applications [21,208]. In the present dissertation, only solid lubrication and thus 
“dry friction” is considered, which is why liquid lubricants are not discussed further. 
Solid lubricants are mainly used to control friction and wear under harsh operating conditions (e.g. 
high vacuum, high speeds, high loads and very low or high temperatures) where conventional 
materials and liquid lubricants cannot provide the desired performance or durability [21,185,208]. Solid 
lubricants work similar to their liquid counterparts, in particular, they typically shear or slide easily 
to ensure low friction and wear between the surfaces in relative motion. With the focus of the present 
dissertation being put on this type of lubrication, a short overview on solid lubricants will be 
provided in section 2.3.1. 
Surface design 
Regarding the impact of the surface design on dry friction, surface topography and also surface 
chemistry have to be considered, both significantly influencing friction and wear of a surface. In the 
case of surface chemistry, surface contaminants, adsorption layers, oxide layers or formed tribolayers 
can change the behavior of a tribological system [207]. For example, the adhesion of two contacting 
surfaces plays a crucial role when it comes to friction, but also wear mechanisms. Adhesion is 
usually high for two contacting surfaces providing a similar chemical composition (e.g. steel on 
steel). This could result in micro-welding of the surface, producing severe adhesive wear and high 
friction, since microwelds have to be broken in order to allow the two surfaces to perform a relative 
motion. For this particular example, if surface contaminations, adhesion layers or oxide layers 
prevent the direct metallic contact, adhesion is highly reduced and so are friction and wear [21,207]. 
Therefore, when tuning surface topography and trying to understand its influence on a tribological 
system, it is always highly recommended to characterize and identify changes in surface chemistry as 
well, since they are often interrelated. For example a change in the surface topography of a steel 
surface by laser irradiation could lead to a thermally induced oxide formation [209]. Hence, and 
although focusing on a systematical topographical surface modification, the present dissertation also 
investigates possible changes in surface chemistry and their influence on the measured tribological 
effects. For more information on the influence of surface chemistry on tribology of surfaces, please 
refer to Gellman et al. [210] or Bhushan [21]. 
When considering the surface topographies of two contacting surfaces, an important distinction 
between apparent contact area and real contact area must be made. The apparent contact area can 
easily be calculated by the macroscopic, geometrical shape of the two contacting bodies, and, 
according to the law of Amonton [211], friction is independent of this apparent contact area. In 
contrast, the real contact area, being the sum of individual surface asperity contacts and much 
smaller than the apparent contact area, is directly proportional to friction [207]. A schematic is given in 
Fig. 25 in order to visualize the difference between those two perspectives. 
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Figure 25: Schematic illustration of the contact between two rough surfaces, visualizing the apparent and real 
contact areas. The apparent contact area is determined by the geometry of the contacting bodies, whereas the 
real area is the sum of the individual surface roughness asperity contacts. 
 
Characterization of the surface roughness/morphology provides important information to understand 
its tribological performance. Nowadays, an abundance of parameters is available, describing certain 
surface features, which are used to compare the surface topographies of different tribological systems 
[207]. A well-known and widely accepted surface description is done using the Abbott-Firestone curve 
[212]. The geometry of the curve defines different parameters, such as the core roughness Rk, which is 
often used to estimate the load bearing capacity of a surface. 
However, surface roughness parameters can also be used to estimate the real contact area of a 
tribological system. This research area has always been and still is a very busy topic, involving 
numerous approaches and models in the field of contact mechanics. One of the earliest contact 
models, assuming perfectly flat surfaces (without roughness), which was used as a starting point in 
many other models, is the Hertzian contact model [213]. Since then, numerous other models appeared, 
trying to consider fully elastic or elasto-plastic contact conditions, with surfaces possessing 
stochastic roughness or intentionally altered surface topographies with or without a given anisotropy. 
A few examples are the Greenwood Williamson model [214], the Kogut-Etsion model [215], the Chang-
Etsion-Bogy model [216], the Jackson-Green model [217] or the Persson model [218]. These models are 
always a function of the given surface topography and the mechanical properties of the base material. 
Hence, numerous experimental works have addressed this fact, trying to tune the surface topography 
and thus the real contact area by using a variety of different methods, including honing[219], micro-
coining[220], lithography[221], laser surface texturing[222] or others. The focus of the present dissertation 
being also set on surface topography tailoring in conjunction with solid lubricant surface coating, this 
topic is covered in more detail in section 2.3.2. 
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Base materials 
With regard to the base materials under dry friction, first and foremost, their mechanical properties 
have to be put in the limelight. The mechanical properties together with the surface topography and a 
given loading condition determine whether the contact situation is fully elastic or elasto-plastic (for 
example by calculating the plasticity index [223]) and also how large the real area of contact is. It also 
influences friction and wear mechanisms. For example, if a hard material is in contact with a softer 
material, abrasion and ploughing can often be detected, whereas adhesion rather occurs for materials 
with similar chemical composition. In this regard, it always has to be kept in mind, that wear is not 
directly proportional to friction. More specifically, a soft metal coating, which is in contact with a 
hard counterpart, can show significant wear due to easy plastic deformation and shearing of the 
surface, resulting in relatively low friction at the same time [20,224]. 
Another important feature of the base material is its microstructure. First, it influences the 
mechanical properties of a material to a great extent [170,225]. For example, a lower mean grain size of 
a base material significantly increases its hardness due to grain boundary strengthening according to 
the well-known Hall-Petch effect [170]. Furthermore, the connectivity of different phases inside the 
bulk material also plays an important role. A 3-D connection of hard, but brittle phases in a ductile 
matrix can reduce the strength of the material, whereas a fine non-connected distribution of the same 
phase in the same matrix can significantly increase its strength [226]. Additionally, the microstructure 
strongly affects the surface oxidation behavior during the tribological contact. In particular, smaller 
grain sizes mean more grain boundaries, which typically can act as diffusion paths for oxygen, thus 
inducing stronger surface oxidation with the oxide layer acting beneficially as a hard, protective film 
against wear or detrimentally by increasing the abrasive component of the system and forming oxidic 
wear particles [227,228]. Still, although a material with a specific microstructure is chosen for a certain 
tribological application, the microstructure can change during the experiment due to plastic 
deformation or recrystallization [229]. In addition, from a crystallographic point of view, the grain 
orientation and thus the texture of a material contributes significantly to its tribological behavior. 
Depending on the crystallography (e.g. fcc, bcc) and the grain orientation, different slip-planes are 
activated as a function of the external stress collective, creating anisotropy in yield and plastic 
deformation of the material surface and thus affecting the tribological behavior [230,231]. Whether a 
slip-plane is activated or not can be calculated by the critical shear stress using Schmid’s law [232]. 
Combining this knowledge with a grain orientation map (e.g. obtained by electron backscatter 
diffraction) allows for the identification of easy or hard sliding directions on the surface of a material 
(if a texture is present). 
The microstructure of a base material can be altered in many different ways (e.g. annealing, 
quenching, cold forming etc.). However, tailoring the microstructure of a MMC using the 
reinforcement phase provides one of the most interesting ways. This is because the processing 
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parameters are simple and the reinforcement phase may also have a stabilizing effect on the 
microstructure during the tribological contact due to the Zener-Pinning effect. Hence, this approach 
has been chosen in the present dissertation. 
2.3.1 Solid lubricants   
The need for solid lubricants is motivated by many particularities. The low vapor pressure of solid 
lubricants compared to liquid lubricants still allows for their use under vacuum conditions, with 
some of them providing excellent lubricating properties specifically under these conditions (such as 
MoS2). Furthermore, for liquid lubricants, extreme pressures can lead to severe lubrication problems, 
as liquid lubricants may not support these, resulting in a boundary lubrication regime. Additionally, 
very low or very high temperatures may lead to solidification or decomposition of the liquid 
lubricants, respectively. On the other hand, strong temperature changes during service can lead to 
drastic variations in viscosity and thus a change in the lubrication regime. Likewise, most liquid 
lubricants are not well suited for applications where electrical conductivity is important, since they 
possess rather insulating characteristics. Regarding storage of liquid lubricants, problems often occur 
as they evaporate, drain, creep or migrate over time. These and further limitations could be overcome 
by their replacement with solid lubricants [13,14,21]. 
Certainly, not only liquid but also solid lubricants show significant shortcomings. Some, for 
example, are rather poor thermal conductors and lack of the ability to conduct heat out of the contact. 
In addition, supplying a contact with solid lubricants is more difficult than with liquid lubricants and 
most solid lubricants have very limited wear lives, which sometimes leads to failure in lubrication 
behavior over time. Oxidation can significantly influence the properties of some solid lubricants, 
which may result in structural or chemical changes or generation of unwanted by-products [21]. 
A general distinction between solid lubricants regarding carbon based materials (e.g. graphite, 
graphene Diamond-like-Carbon (DLC)), transition metal dichalcogenides (TMD) (e.g. MoS2, WS2), 
polymers (e.g. PTFE), lubricious oxides (e.g. Cs based oxides) and soft metals (e.g. Ag, Sn) can be 
made [13,14,20]. For most of the solid lubricants, their working principle is explained simply by the 
theory of Bowden and Tabor [233]. The coefficient of friction (COF) µ of a solid lubricant can be 
expressed as a function of the interfacial shear strength of the solid lubricant 𝜏0, the contact pressure 
P and the pressure dependence of the shear strength α (which is the lowest attainable friction 
coefficient for the specific tribological system) using the following equation [20,233]: 
µ =
𝐹
𝐿
=
𝐴𝑟 ∙ 𝜏𝑆
𝐿
=
𝜏𝑆
𝑃
=
𝜏0
𝑃
+ 𝛼 (2) 
In equation (2), F corresponds to the friction force, L to the normal load, Ar to the real area of contact 
and 𝜏𝑆 to the shear strength 
[20].  Thus, with a low interfacial shear strength of the solid lubricant in 
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combination with a hard substrate and thus a high pressure, efficient lubrication and thus a low COF 
might be achieved. 
However, the individual lubrication mechanisms of the various solid lubricants slightly differ from 
each other and a brief explanation of the mechanisms and limitations of the most important solid 
lubricants is given in the following. 
 
Graphite 
Graphite has long been known for its good lubrication properties and has been used in industrial 
applications as solid lubricant for several decades [234]. Graphite possesses a highly crystalline 
structure of stacked hexagonal carbon lattices (stacked graphene sheets) with an sp2 carbon 
hybridization and a strong, covalent, in-plane bonding of the carbon atoms. A schematic of the 
atomic structure is given in Fig. 26.  
 
 
Figure 26: Schematic illustration of the atomic structure of graphite, consisting of stacked graphene sheets 
with an interlayer distance of 0.335 nm [235]. 
 
With the sheets only being interconnected by weak Van-der-Waals forces, they become relatively 
easy to shear. However, graphite lubrication is strongly dependent on the presence of water or 
adsorbed gas molecules, since the shearing of graphene sheets works only based on intercalation of 
these molecules between the individual graphene sheets, leading to an increase in the interlayer 
spacing between near-surface basal planes [17]. In the case of low relative humidity or vacuum, high 
friction and wear occurs and a process called “dusting” sets in [20]. 
 
Graphene 
Recently, it has been found that besides its thermal, electrical, optical, and mechanical properties, 
graphene can serve as a solid lubricant [17]. Its high impermeability to liquids and gases [236], extreme 
strength [237], and easy shear capability on atomically smooth surfaces are the major favorable 
attributes for its high potential as a solid lubricant [238,239].  
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In particular, it was shown that in contrast to graphite, graphene provides efficient lubrication under 
dry or inert gas environments, as can be seen in Fig. 27. Furthermore, wear reduction by four orders 
of magnitude was observed on steel surfaces, when coated by solution-processed graphene [239]. One 
accepted explanation of the lubricating effect is based on low adhesion based on the nearly perfect 
single, hexagonal lattice providing a low surface energy. A stacking of several layers would result in 
easy shearing ability of the surfaces. However, other studies contradict this explanation by 
introducing fluorinated graphene, providing even lower adhesion but higher friction at the same time. 
However, it is accepted that, graphene is able to conformally coat surfaces and is mechanically 
stable, preventing the direct tribological contact of the surfaces. Additionally, the protection of the 
surface against oxidation due to the high impermeability to liquids and gases contributes 
significantly to an efficient wear reduction. There is still an on-going discussion about the lubrication 
mechanism of graphene [17].  
 
Figure 27: COF (µ) measured against the number of cycles for a graphite (a) or solution processed graphene 
(SPG) (b) lubricated steel surface under dry nitrogen or humid air conditions. A ball on disc tribometer was 
used with a steel ball of 9.5 mm in diameter and a normal load of 1 N was applied [17]. In c) a simulation with 
an AFM tip contacting and shearing a graphene layer is performed, resulting in an out-of-plane deformation of 
graphene [17]. 
 
Unfortunately, the promising lubrication properties of graphene decrease significantly when large 
contact pressures are applied. For the same configuration as shown in Fig. 27, it has been reported 
that when increasing the load to 3 N (inducing 0.7 GPa of pressure for the given configuration), the 
lubrication vanishes after only 200 cycles [17,239]. Furthermore, differences are obtained regarding 
monolayer graphene coatings, few-layer graphene coatings and multi-layer graphene coatings [240]. It 
is often concluded that the friction force is higher for a monolayer of graphene and decreases with 
increasing number of layers. However, the strong interaction between graphene, the substrate 
material, the surface roughness, the interaction between the graphene layers, and the graphene-
substrate separation distance all have to be considered for a proper analysis [240]. 
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Thus, it is clear that further research needs to be carried out in this field in order to fully understand 
the mechanisms and to exploit the full potential of this material for its use in technical applications.  
A good overview on this topic is given by Berman et al. [17]. 
Diamond-like-Carbon (DLC) 
DLC coatings are typically hard and wear resistant, but they can also provide low friction and 
chemical inertness under certain conditions. The DLC structure consists of disordered carbon, 
providing only a short-range order of a mixture of sp3 and sp2-hybridized carbon atoms. In order to 
induce high toughness and beneficial tribological properties, pure DLC is doped with metals or 
lightweight elements, like H, N, Si, Cr, W or Ti [20]. The ternary phase diagram of carbon-
hydrogenated alloys is depicted in Fig. 28. 
 
Figure 28: ternary phase diagram of bonding in amorphous carbon-hydrogen alloys [241]. 
 
Hydrogen doping is widely used and corresponds to the phase a-C:H (amorphous, hydrogenated 
DLC) or ta-c:H (tetragonal, amorphous, hydrogenated DLC) in the phase diagram. Depending on the 
deposition techniques, such as sputtering, ion or plasma beams, the different phases can be obtained, 
providing different mechanical and tribological properties. A detailed description of this can be 
found in the work of J. Robertson [241]. 
The friction coefficients of DLC coatings vary widely from 0.01 to 0.5 and depend upon the testing 
conditions (e.g. contact pressure, velocity or temperature), the environment as well as the 
hybridization ratio and hydrogen content [20]. This is also true for the wear rates, which can get as 
low as 10-7-10-9 mm3/N∙m [242]. As an example, hydrogen-free DLC provides the lowest COF under 
humid conditions whereas hydrogenated coatings perform better in dry or inert gas environments. 
Under specific conditions, COF values as low as 0.005 (superlubricated state) can be reached in self-
mated sliding contacts, which is attributed to a passivation of the contacting surfaces due to 
hydrogenated carbon [243]. 
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However, synthesizing DLC possessing low friction and wear in both dry and humid environments is 
a challenging task. Research is currently focused on the investigation of diamond-like 
nanocomposite (DLN) coatings, consisting of two amorphous interpenetrating networks, a diamond-
like (a-C:H) network and a quartz-like (a-Si:O) network with minimal bonding between the two 
networks, yielding very promising results in this regard [244]. Also ultrananocrystalline diamond 
structures have been found to provide promising tribological properties under varying environmental 
conditions [245]. However, the research topic of DLC is a broadly studied field and cannot be covered 
in a small summary in the present dissertation. Thus, please refer to the book of Donnet and Erdemir 
[242] for a general overview and introduction to the topic. Finally, and in contrast to other solid 
lubricants such as graphite, it has to be mentioned that DLC is always used as a coating for surfaces 
and not as, for example, a reinforcement phase in a MMC. 
Transition Metal Dichalcogenides (TMD)  
The lubricating properties of TMD, such as MoS2 or WS2 are derived from the inter-mechanical 
weakness of those structures, which is related to their crystal structure [246]. MoS2 crystallizes in the 
hexagonal structure where a sheet of molybdenum atoms is sandwiched between two hexagonally 
packed sulfur layers. Similar to graphite, they present a strong interplanar bonding of the Sulfur 
atoms as well as a covalent Sulfur-Molybdenum bonding, whereas only week Van-der-Waals 
bonding is observed between the individual sandwich layers as well as between the stacked Sulfur 
layers, which allows for easy shearing (Fig 29).  
 
Figure 29: Atomic structure of MoS2 with interatomic distances [246]. 
 
The lubrication mechanism of MoS2 is based on the development of a transfer film on the counter-
material to support interfacial sliding. Due to the ability of TMD to form a transfer film and to orient 
its crystal structure beneficially to the sliding direction ((0002) planes parallel to the sliding 
direction), they are not only used as sputtered surface coating, but also as inorganic fullerene (IF) 
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nanoparticles or as additive in oils or greases [247,248]. Both, MoS2 and WS2 can provide a very low 
COF of only 0.05 or lower and also very low wear rates, typically being the lowest for steady state 
conditions of the system. However, this is only true for either dry inert gas atmospheres or in 
ultrahigh vacuum. When TMDs are used under humid conditions, the formation of MoO3 and WO3 
at the edges of the basal planes has been observed, hindering the planes from easy gliding [249–251]. 
This problem also occurs for higher temperatures (300 °C and above) [249–251]. One approach to 
overcome these limitations is the doping of TMD with various metal or oxide dopants (e.g. Ti, Al, 
Ni, Au, Pb, PbO, and Sb2O3) [20,252]. The presence of these dopants or alloying of TMD with 
amorphous carbon can lead to a higher oxidation resistance in humid environments compared to pure 
TMD [253]. Due to their high lubrication capabilities under vacuum conditions, TMDs are often used 
for spacecraft applications. A short and comprehensive introduction to the field of tribological 
properties of TMD is provided by Polcar and Cavaleiro [253]. 
Polymers 
In the case of polymers, their low intermolecular cohesion is responsible for their rather low friction 
properties. For example, this could be due to easy extraction of molecular chains out of the 
crystalline fraction (e.g. for PTFE, PE or Polyimide) [208,254]. Thus, polymers can be used as solid 
lubricant coatings, for example, on metallic materials. In addition, they offer a low coefficient of 
friction both in vacuum and under atmospheric conditions, as the lubrication mechanism does not 
depend on adsorbed molecules and chemical reactivity is low. Generally, polymers are not suited for 
high temperature applications due to melting or degradation. Furthermore, the low thermal 
conductivity inhibits heat dissipation, which can also cause premature failure due to melting under 
room temperature. Therefore, polymers are typically used for low sliding speed applications. Finally, 
the low intermolecular cohesion causes a further severe limitation, as it results in unacceptable 
amounts of wear [254]. This limitation can be partially overcome by adding fillers to the polymers, 
which is why polymers are most often used as matrix material in conjunction with other solid 
lubricants [20]. 
Lubricious oxides 
Oxide based materials most often are hard to shear at room temperature. However, some of them 
(e.g. Cs, Re, Ti, Mo, Zn, V, W, B) develop easy-to-shear characteristics at higher temperatures, 
which is why they are often referred to as lubricious oxides [208,255,256]. It has been shown that the 
crystal chemistry of oxides is linked to their shear rheology and thus to their ability to act as a high-
temperature solid lubricant. An intense study on the lubrication behavior of different oxides as a 
function of the temperature has been provided by A. Erdemir [255]. Lubricious oxides are not very 
widespread and limited in their usage exclusively for high temperature applications. Most of them 
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only become an interesting solid lubricant for temperatures higher than 500°C [255]. A very good 
overview of the topic is provided by Aouadi et al. [14]. 
Soft metals 
Soft metals, such as Pb, Sn, Ag or Au are able to provide a low COF when applied onto relatively 
hard substrates. In contrast to solid lubricants, whose function mechanism is based on the 
development of a transfer film on the opposite surface, soft metal film lubrication is initiated by 
shearing in the film. Unfortunately, this results in significantly higher friction, rendering soft metal 
coatings not the most efficient among the solid lubricants. In any case, the thickness of the coating 
determines the efficiency of the soft metal coating and most metal coatings have an optimum 
thickness. This optimum thickness results from the fact that very thick layers lead to a larger real 
contact area and thus to higher friction, whereas very thin layers can cause an abrupt increase in 
friction if they cannot prevent the direct interaction of the two substrates [20,224].  
 
 
 
Summarizing, all of the above-described solid lubricants can possess good lubrication properties for 
specific conditions. However, they are also limited in their range of applications with regard to their 
environmental conditions and the prevailing stress collective. The increasing demands on 
tribological applications set the need to develop solid lubricants, which provide a higher environment 
robustness and independence from the stress situation [18,19]. This might be given for CNP as solid 
lubricants and will be discussed further in section 2.4 of the present dissertation. A very 
comprehensive and general introduction into the field of solid lubricants, its advantages, limitations 
and working principles is given by Scharf and Prasad [20] as well as Donnet and Erdemir [208]. 
2.3.2 Surface topography designing 
Surfaces of real machine elements in tribological contact are not atomically flat and generally exhibit 
a certain surface roughness. In this regard, the early work of Bowden and Tabor investigated the 
interaction between asperities of a rough surface with regard to the influence on the frictional 
behavior [257]. They correlated the frictional behavior of a surface with adhesion/welding of asperities 
of the real contact area and their subsequent releasing (when a critical shear stress is applied). Since 
then, great efforts have been undertaken for various lubricated and non-lubricated tribological 
systems in order to measure, characterize and understand the influence of surface roughness on the 
tribological behavior and to correlate surface roughness with the real contact area of two contacting 
surfaces [21,214–217,258–262]. Despite the real contact area, a lot of different surface interactions have to 
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be considered, including plastic deformation and consequently deformation energies, contact angles 
between asperities or simply the mechanical properties of the contacting materials [207]. 
However, the roughness of a system is often connected to the end application, as this determines how 
much effort can be invested in the design or processing of a surface (e.g. surfaces of Micro-Electro 
Mechanical Systems (MEMS) [263] compared to large scale machine elements [262]). Thus, regarding 
larger scale tribological systems such as machine elements, numerous experimental works have tried 
to develop a fast and economic method to alter the real contact area by specifically varying the 
surface topography [219–222,264–267]. In these works, it has also been shown, that surface topography 
alteration affects more than just the real contact area. For example, the formation of a hydrodynamic 
pressure under lubricated conditions can be controlled by a defined surface topography [53]. 
Additionally, the surface depressions have been observed to trap and store generated wear particles 
as well as lubricants [52,53]. Furthermore, the creation of topographical structures providing an 
anisotropy typically also results in anisotropic effects on friction and wear of the surfaces. Thus, 
considering all those effects, it is sufficiently proven that surface topography designing is a powerful 
tool for the systematic manipulation of the tribological properties of a system. 
Out of various techniques to create well-defined surface patterns such as honing, micro coining or 
lithography, laser surface texturing (LST) has shown to be suitable, cost and time-efficient approach 
[10,51]. Hence laser surface processing has been chosen in the present dissertation for surface 
topography designing.  
Due to this fact, the focus in the following is put on LST as a method to tune surface topography. 
Generally, when it comes to LST using pulsed laser systems, different laser-material interactions 
have to be distinguished based on the laser pulse length ranging from short (microsecond- to 
nanosecond-pulses) to ultra-short (picosecond- to femtosecond-pulses) [268]. In the case that a 
metallic surface is processed using a short-pulsed laser system, the laser-material interaction is based 
on melting and heat conduction, resulting in shifting of the molten material according to 
temperature- and surface tension gradients. In contrast, an ultra-short pulsed laser system induces 
direct metal ablation, not allowing the metal to melt and generating a shock wave, which ejects 
evaporated or overheated liquid (Fig. 30). Ultra-short-pulsed laser surface structuring normally 
results in the creation of sharp topographical edges, whereas short-pulsed laser structuring provides 
rather smooth surface structures [268].  
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Figure 30: Schematic of the laser material interaction for a) a short-pulsed laser system and b) an ultra-short-
pulsed laser system [268]. 
 
Another significant difference is the possibility to create higher surface aspect ratios for ultra-short 
pulsed laser systems compared to short-pulsed laser systems. Ultra-short laser pulses ablate the 
material with each individual pulse, resulting in successive material removal and thus deeper 
structures compared to a simple redistribution of molten material in the case of short laser pulses.  
The pulsed laser systems can be used to create interference fields, producing a periodical laser 
intensity distribution on the material surface. This distribution causes a precise distribution of energy 
at places of high laser intensity, while the material remains almost unaffected in zones of low 
intensity. The interference field is generated by splitting up the main beam into two or more coherent 
sub-beams, subsequently overlapping at the surface. Depending on the laser pulse length, a 
redistribution of molten material (short-pulsed) or precise metal ablation (ultra-short-pulsed) occurs, 
resulting in the development of a defined surface topography. This process is called DLIP [51,269]. 
Different interference geometries can be obtained, such as line-, dot- or even lattice-like patterns 
with typical feature sizes in the micron to sub-micron range, depending on the used laser system, the 
laser wavelength and the angle of the overlapping sub-beams. A schematic of the DLIP process for a 
nanosecond laser system is given in Fig. 31. 
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Figure 31: a) Schematic of the equipment and optics needed for the beam guidance in order to overlap the sub-
beams on the sample surface according to the DLIP principle using a nanosecond laser. b) Schematic of the 
interference principle, creating regions of high intensity (positive interference) and low intensity (negative 
interference). The distance from one positive interference position to the next depends on the interfering angle 
of the sub-beams and the wavelength λ of the laser beam. 
 
Besides the possibility to laser structure surfaces using DLIP, direct laser writing (DLW) can also be 
used [270]. For this technique, the laser beam is highly focused, and a sequential, automated surface 
processing is performed. It allows for larger surface structures (several micrometers to millimeter 
scale) and provides a highly controllable way to create different surface aspect ratios. 
Studies on the tribological behavior of laser-structured metallic surfaces have shown a significant 
reduction in friction and wear under lubricated and non-lubricated conditions [53,266,271–273]. In addition 
to the effects caused by a reduced contact area and trapping of wear debris, the surface depressions 
can act as storage for liquid and solid lubricants, thus continuously supplying the contact region with 
the lubricant [52,53]. This can avoid premature failure of machine components by significantly 
enhancing the longevity of the lubrication effect. 
Hence, in the present dissertation, laser structured surfaces were used in combination with the new 
solid lubricant (CNP) in order to create enhanced self-lubricating surfaces. Furthermore, 
specifically designed surfaces may allow for a more detailed understanding of the lubrication 
mechanisms of CNP. An in-depth discussion of the state of the art of CNP lubrication mechanisms 
and their usage in the field of tribology is therefore given in the next sections.  
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2.4 Tribological application of CNP 
In recent years, CNP have risen as promising candidates to reduce friction and wear under various 
operational environments, which is ascribed to their outstanding mechanical properties, chemical 
inertness, thermal stability as well as atomic structure and geometrical shape [31–36,240]. Various works 
report on the friction and wear reducing effects of the particles when used as solid lubricant coating 
or as reinforcement phase in composite materials [29,35–47]. There are also numerous works using CNP 
as an additive in oils in order to achieve enhanced lubrication effects [60,62,274–280]. However, with the 
focus of the present dissertation being put on dry friction, these works are not considered in the 
following, since the lubrication mechanism of additives in oils strongly differ from the mechanisms 
present under dry friction. 
The underlying lubrication mechanisms of the particles under dry friction conditions are still not 
fully understood and thus the potential lubricating effects may not be fully exploited [240]. The present 
thesis focuses on three CNP in particular, namely MWCNT, OLC and ND. These three different 
types of CNP are chosen intentionally since they can be systematically distinguished, representing 
sp2 as well as sp3-hybridized, 0-D (low aspect ratio) and also 1-D (high aspect ratio) carbon 
nanoparticles, and thus cover a wide range of CNP allotropes. Due to this fact, a systematic 
investigation is possible, allowing for an understanding of the governing lubrication mechanisms in 
more detail. Hence, in the following sections, only the above-mentioned three CNP are considered. 
2.4.1 CNP as solid lubricant  
There are various theories on the intrinsic lubrication mechanisms of CNP. However, the state of the 
art regarding the three particles differs. Hence, they are discussed separately in the following. 
MWCNT 
In many research works, friction and wear reduction are experimentally observed, when MWCNT 
are added to the tribological contact. It was stated that MWCNT are able to efficiently lubricate the 
contact in either air or vacuum conditions [281], for low and high temperatures [282] and under various 
relative humidity [35,283]. Regarding the occurring lubrication mechanisms, different explanations are 
found in literature. A common reason is that MWCNT would form a lubricious layer on the surface 
of the contacting materials [16,44,45]. However, it is often not further specified what this lubricious 
layer is composed of. There are studies, observing the formation of a “carbonaceous layer”, of which 
the lubrication mechanism would be similar to the known graphite lubrication. This would imply the 
structural degradation of MWCNT within a tribological contact [16,44,283]. This statement contradicts 
what was found by Dickrell et al., who showed a frictional anisotropy effect for quartz surfaces 
coated with MWCNT studied under a low load of 2 mN [35,91]. MWCNT that are aligned horizontally 
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(transversely) to a surface show a much lower coefficient of friction than MWCNT aligned 
perpendicularly (vertically) to the surface (“CNT forest”) (Fig. 32). It was concluded that MWCNT 
might possess the ability to efficiently separate the sliding surfaces, which would also explain their 
ability to reduce wear of the contacting partners [32,38]. Additionally, it was assumed that MWCNT 
are able to slide and/or roll on the surfaces, being the logical consequence from their tube-like 
morphology and their relatively low physical interaction with surfaces due to their closed, curved 
shell and low concentration of dangling bonds [284]. In this regard, by measuring the lateral forces 
involved and observing the rotation of a single MWCNT on the surface, earlier studies of Falvo et al. 
using atomic force microscopy (AFM) proved that MWCNT are able to perform a defined sliding 
and/or rolling motion on top of a graphitic surface [34]. Still, so far, the rolling and/or sliding ability of 
MWCNT has not yet been proven for macroscopic tribological testing conditions. Regarding their 
potential ability to roll, simulations of CNT bundles in a tribological contact were performed by Ni 
and Sinnott [47], observing what is called the “tank-belt” effect and describing the CNT rolling 
motion similar to that of a deformed chain rolling between two contacting diamond surfaces under 
shear as can be seen in Fig. 32 (b) [45,47,285].  
 
Figure 32: a) Mean value of 60 cycles of a pin on disc friction coefficient measurement of MWCNT on a 
quartz surface measured using a borosilicate pin and a normal load of 2 mN [35]. b) Schematic of the tank-belt 
model, showing transversely oriented CNT and c) vertically oriented CNT in between two diamond surfaces 
[47]. 
In this regard, Mylvaganam et al. [286] performed simulations on the sliding direction on 
agglomerated, transversely aligned CNT against a diamond tip under very low loads (several nN). It 
was shown that a sliding of 90° to the longitudinal axis of the CNT caused “spinning” of CNT that 
were situated below the top CNT layer, which is not the case when sliding is performed in parallel 
the CNT longitudinal axis. However, in terms of the friction coefficient, no change was observed and 
thus it was concluded that the lubrication effect of CNT is derived by their atomically smooth 
surface without dangling atoms (which is true in theory, but hardly ever obtained for synthesized 
CNT). Interestingly, further simulations of CNT under high temperature conditions (1500-2000 K) 
by Colonna et al. [287] showed, that for pressures above 1.5 GPa, a structural degradation towards 
graphite can be expected.  
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It becomes thus evident, that the lubrication mechanism is a function of the given tribological system 
and a wide span of parameters like relative humidity, contact mechanics, the contacting material 
properties and their surfaces as well as the distribution, structural integrity and agglomeration of 
MWCNT [240,288]. Thus, all those influences have to be considered in order to learn more about the 
lubrication mechanisms of these particles, which, so far, has not yet been done for one specific 
tribological system. 
ND 
Regarding the intrinsic lubrication mechanism of ND, there is not yet much literature in the field of 
dry friction. This could be due to the fact that an sp3 hybridization is usually associated with a hard 
material, which does not provide the basic requirements of a solid lubricant (according to Bowden 
and Tabor) [233]. However, due to their spherical shape, there is literature that assumes a possible 
function as nano-roller bearings, separating the two contacting surfaces thus preventing the 
occurrence of severe wear and reducing the COF [41,289]. Yet, this assumption was not proven and in 
contrast, other studies contradict this assumption [62]. Especially under ambient conditions, ND are 
rather connected to act as an abrasive rather than a solid lubricant [290]. A beneficial effect on friction 
and wear could be observed mainly under vacuum conditions. It is argued, that low adhesion 
between the diamond surface and the substrate surface (due to adsorbed oxygen-containing species 
on the surface) can cause this frictional and wear reduction [290]. Studies by Berman et al. further 
reported about the possibility to reach “superlubricity” with friction coefficients as low as 0.004 if 
ND are combined with graphene as solid lubricants in the contact area of a DLC sphere and SiO2 
substrate [291,292]. The effect was only observed for dry environments. In the case of an increase in 
relative humidity to 30%, the effect vanishes as can be seen in Fig. 33 (a) and (b). It is argued, that 
ND particles are wrapped by graphene nanoscrolls as depicted in Fig. 33 (c-f). In this respect, ND 
would provide the mechanical stability of the nano-bearing, whereas atomic incommensurability, and 
thus superlubricity (which was first discovered by Shinjo and Hirano for muscovite mica crystal 
[230]), is given by the direct contact of the DLC surface with the graphene sheet [291,292]. If humidity 
were present, the adsorption of water molecules would prevent the formation of graphene nano-
scrolls and therefore would show detrimental frictional effects. It is still an open question, whether 
these promising lubrication effects could be transferred to technically relevant materials with rough 
surfaces. 
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Figure 33: a) Friction coefficient measurement of nanodiamond, graphene and nanodiamond+graphene for a 
DLC against SiO2 contact under dry ambient conditions and b) humid (30% relative humidity) conditions. c) – 
f) shows a schematic of the mechanism of graphene nanoscroll wrapping of nanodiamonds in the mentioned 
tribological contact [291,292]. 
However, the reported observations also give rise to the promising lubrication properties of OLC 
(being similar to a wrapped graphene scroll), which is discussed in the next paragraph. Generally, 
research using ND for tribological applications is rather focused on their usage as additives in liquid 
lubricants or as reinforcement phase in composites, where beneficial tribological effects are obtained 
due to a change in the rheological behavior of oils, an embedding of ND in the surfaces or a 
hardening/strengthening effect of the composite [33,62,197,277,279,293,294].  
OLC 
The polyhedral or spherical structure of OLC suggests that they could also function as nano-bearings 
in tribological systems [31]. Since there are almost no free valence electrons on the curved surface of 
OLC, only weak intermolecular interactions with other materials are assumed [31,280]. As a result, 
OLC have a high degree of freedom, as only a few bonds are formed on the surface of the friction 
partners. In the case of atmospheric conditions or even under vacuum, OLC provide a significantly 
lower COF than graphite, as can be seen in Fig. 34 (a) and (b), respectively [36]. 
 
Advanced self-lubricating surfaces based on carbon nanoparticles 
 Leander Reinert 52 
 
Figure 34: Friction coefficient measurement of  OLC, graphite, C60 fullerene and diamond clusters under a) 
ambient conditions and b) under vacuum [36]. 
 
OLC particles are apparently not dependent on the presence of water molecules or oxygen for solid 
lubrication. Furthermore, using OLC compared to graphite, the wear rate could be reduced by 3 to 6 
orders of magnitude, which is attributed to surface separation by OLC. Hirata et al. [36] further 
produced OLC using diamond powder and others using diamond clusters. In Fig. 34, a clear 
difference in the tribological behavior of these two OLC variations is observed. This is explained by 
the different number of defects on the surface. OLC derived from diamond powder has significantly 
more defects, therefore resulting in a lower binding stability and being more prone to chemical 
reactions with the contacting surfaces. Additionally, the lubrication effect of OLC might be strongly 
dependent on the provided surface roughness of the substrate material. If the roughness is too high, 
the particles may not provide an efficient surface separation anymore. When OLC are in direct 
contact, they can be damaged and thus restricted in their freedom of movement. However, although 
being damaged or pinned, AFM experiments reported a deformed OLC layer found on steel surfaces, 
still providing a very low COF [295]. 
Despite these experimental findings, various simulations have been performed in order to understand 
the lubrication mechanism of OLC. These have shown, that the capability of OLC to perform a 
rolling movement on a surface could be prevented by exceeding a certain contact pressure. This has 
been justified by the formation of bonds with the contacting materials, pinning the OLC particles. In 
the case of two OLC-lubricated DLC layers, a maximum contact pressure of 5 GPa was simulated at 
which the coefficient of friction increases from 0.024 to 0.151, and thus, the mechanism changes 
from rolling to sliding [296]. In general, the lubrication mechanism of OLC is referred to as a rolling or 
sliding movement on top of the surfaces rather than a structural modification (for example 
exfoliation) [45,46]. 
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2.4.2 CNPs as protective coating 
Due to the promising physical properties of CNP, various coating methods were deployed so as to 
use CNP as surface coatings. Again, the state of the art of the particles strongly varies, and thus, they 
are described individually. Not all of the presented methods were applied in order to use the coating 
for tribological applications. However, a brief overview of all the methods capable of coating 
surfaces with CNP is provided in the following. 
MWCNT 
In the specific case of MWCNT, it must be distinguished between dry and wet coating routes. The 
dry coating route involves drawing films directly from MWCNT forest arrays [297,298]. These methods 
are easily scalable. However, they were not used in the field of tribology since they are normally not 
suitable to coat complex geometries such as a journal bearing or surface textures. In this regard, wet 
coating techniques are rather deployed, which always involve the dispersion of the MWCNT in a 
suitable solvent (for example by using ultrasonic agitation) with or without prior particle surface 
functionalization. One of those methods is dip coating [299–301]. In this regard, Mirri et al. [300] have 
performed experiments using Chlorosulfonic acid (CSA) to produce thin conductive, transparent 
MWCNT films on glass substrates. Other techniques are drop casting, spray coating or rod coating. 
The methods basically work by individually placing or randomly spraying droplets of dispersed CNT 
in a solvent onto a surface or by drawing a rod to spread a CNT dispersion over the surface, 
respectively. Subsequently the solvent is evaporated and the CNT remain on the surface [281,302–304]. 
One of the main drawbacks of these techniques is the so-called “coffee stain” formation due to 
Marangoni convection during evaporation of the solvent, resulting in inhomogeneous distribution of 
the CNT coating. In order to reduce this effect, surface heating is often performed so as to speed up 
the evaporation process of the solvent, or it is attempted to change the rheological parameters of the 
colloidal suspension (being described by the “Ohnesorge number”) [302]. Alternatively, the technique 
can be combined with spin-coating or techniques like vacuum filtration [302,305,306]. All of these 
techniques have disadvantages in terms of layer quality, homogeneity or the possibility of process 
up-scaling. Another technique to coat surfaces homogeneously with CNT is CVD [307–309]. However, 
due to its working principle, this process only produces CNT, which are vertically aligned to the 
surface (CNT forests) and it was shown, that horizontally aligned CNT provide a much higher 
frictional reduction compared to CNT forests deposited by CVD [91]. Thus, although this technique 
allows for a homogeneous coating, other techniques should be favored [281,286].  
A very promising technique to produce horizontally arranged, homogeneous CNT coatings is 
electrophoretic deposition (EPD) [310–313]. EPD is based on the motion of charged particles in an 
electric field and their subsequent adhesion/physisorption onto an electrically conductive substrate 
material as illustrated in Fig. 35.  
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Figure 35: Schematic of the electrophoresis principle. Electrodes provide a specific voltage so that charged, 
dispersed particles (colored in red) are deposited on the cathode (+) or anode (-) depending on their surface 
charge [314]. 
 
The process allows for a more homogeneous deposition of CNT compared to drop casting or spin 
coating, has short processing times and is easily up-scalable. In addition, the possibility of coating 
complex surface topographies with a well-defined layer thickness is an important advantage over 
other processes. More theoretical information on the general working principle of EPD can be found 
in Besra et al. [315]. 
For these reasons and since MWCNT coating of substrates is combined with laser surface 
structuring in the present dissertation, EPD is chosen as coating technique in order to 
homogeneously cover surfaces with horizontally arranged CNT. The application of CNT coatings 
using EPD in the field of tribology is a new approach and has not been investigated before.  
Another approach to coat surfaces with CNT is to produce composite coatings, using CNT as 
reinforcement phase in a polymeric or metallic matrix that is then deposited on a surface (e.g. 
electroless plating [316]). This method is extensively deployed in tribology, yielding good results in 
frictional and wear reduction [28,317–322]. However, the effects of a composite coating on the 
tribological behavior are often due to the combination of intrinsic lubrication properties of the CNT 
and their reinforcing effect on the matrix material, which is therefore discussed in general for CNT-
reinforced MMC in section 2.4.3 of the present dissertation.  
ND 
In the literature, a nanodiamond coating is often referred to as nanocrystalline diamond coating 
[240,323,324]. Regarding this, for example, microwave plasma enhanced CVD was used to grow a 
nanocrystalline diamond coating on a silicon substrate, providing low friction and wear [325]. 
However, the literature has to be carefully evaluated when it comes to coatings using ND particles or 
nanocrystalline diamond (nanodiamond film growth), since the latter provides a closed, 
interconnected diamond layer and not individual ND particles. 
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Regarding the deposition of individual ND particles, argon gas spraying of ND with a diameter of 75 
nm onto a steel surfaces has been performed by Gubarevich et al. [290], subsequently performing 
tribological measurements against SiC and Al2O3 balls. It is reported, that low friction and wear 
could be obtained under vacuum as well as ambient conditions. For vacuum, this is explained with 
the assumption of ND being able to form a stable, densely packed layer with low roughness, which is 
covered by oxygen-containing functional groups providing an inert, low adhesion surface. However, 
a more detailed analysis is not given.  
Other than that, EPD is found to be the most important, if not the only technique to mention that has 
been carried out on various substrate materials [326–332]. Not much research has been done in the field 
of tribology with respect to these coatings. Tribological experiments using electrophoretically 
deposited ND on aluminum alloys have been conducted by Kalyanasundaran et al. [331], who found 
an improvement in wear resistance compared to the uncoated surfaces. Despite that, ND are only 
deployed as additive in metallic or polymeric surface coatings [42,333,334]. The beneficial tribological 
properties of these coatings are rather due to the reinforcement of the metallic or polymeric phase 
with ND and will thus be discussed in section 2.4.3 of the present dissertation in the case of ND-
reinforced MMC. 
OLC 
When it comes to OLC-coated surfaces, there is not much literature either. Hirata et al. [36] reported 
on the tribological properties of OLC (see section 2.4.1) that have been spread over a silicon wafer 
without giving further specifications on how the particles were deposited. In contrast, Gubarevich et 
al. [335] describe an OLC coating process by plasma spraying of ND. In this process, high 
temperatures (2700-4500 K) of the ND particles are reached, leading to a transformation to OLC. 
Immediately after transformation, the particles are deposited on a stainless-steel substrate. The 
authors emphasize the use of this coating for solid lubrication. However, the tribological properties 
of the produced coatings are not evaluated. The potential of OLC coatings to function as solid 
lubricant was also postulated by Cabioc'h et al. [336], who developed a process to coat silica substrates 
by synthesizing OLC into silver thin films. This has been done by carbon ion implantation into the 
silver films at 500°C. The subsequent annealing of the silver layer at 850°C is described to lead to a 
silver evaporation, leaving a pure OLC coating on the surface. Nonetheless, a tribological evaluation 
of the coating is not provided. There are also further studies about OLC coatings of substrates, which 
are not related to the field of tribology, such as  Pech et al. [337], who investigated the possibility to 
deposit OLC on Si/SiO2 substrates by EPD, forming homogeneous OLC coatings. Generally, OLC 
coatings are fairly unexplored in the field of tribology. 
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2.4.3 CNP as reinforcing phase in tribology of MMC 
Generally, the disadvantages of solid lubricant coatings are limited lifetime, difficulty in 
replenishment, oxidation or aging-related degradation as well as poor adhesion. Hence, in order to 
overcome these drawbacks, embedding solid lubricants in MMC seems to be an interesting 
alternative approach to create self-lubricating materials [16,21]. Self-lubricating composites in general 
have been already available for many years and find applications for example in bearings, piston or 
cylinder liners in engines [21]. These composites are developing into an important class of tribological 
materials and offer new ways to combat friction and wear under extreme conditions [21]. In this 
regard, the choice of CNP as solid lubricant is not only due to their interesting intrinsic lubrication 
properties, but, as already discussed in section 2.2.1, also provides numerous possibilities and 
mechanisms to act as reinforcement phase in MMC, especially in the field of mechanical 
reinforcement. For these reasons, CNP are used as reinforcement phase for MMC in the field of 
tribology. In the following, a short overview of the state of the art of this research area is provided 
for each of the three CNP used in the present dissertation. 
MWCNT 
Research in this field has been conducted mainly for CNT reinforced Al, Cu, Cr, Mg and Ni based 
MMC as bulk materials or coatings [27,29,37–40,44,156,160,338–347]. Although many studies have been 
performed on this topic, all providing promising results regarding friction and wear reduction 
irrespective of the used matrix material, not much is known about the occurring tribological 
mechanisms in these systems. Typically, the reinforcement for most tribological applications is done 
with concentrations of up to 20 vol.-% of MWCNT. For one part, the mechanical reinforcement 
effects (which were discussed already in section 2.2.1 of the present dissertation) can lead to an 
increased hardness and strength of the composite, which is usually connected to a reduced 
occurrence of wear [37,38]. Therefore, a fine and homogeneous distribution of CNT in the matrix 
material is what is typically aimed at in order to maximize the grain refinement effect through Zener-
pinning or the Hall-Petch effect as well as the Orowan-strengthening mechanism [16]. For example, 
CNT could hinder the dislocation movement and therefore reduce plastic deformation of the surfaces 
during wear, significantly influencing the predominant wear mechanisms. Accordingly, it has been 
reported, that the wear rate but also the COF decreases with increasing MWCNT content as can be 
seen in the case of Al MWCNT composites in Fig. 36 [160,338,343].  
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Figure 36: a) COF measurements of MWCNT-reinforced Al composites for different MWCNT concentrations 
and b) the corresponding wear rate measurements [338]. 
 
The authors also reported that the wear rate and the COF would decrease with increasing sliding 
speed, whereas an increased normal load would also increase the wear rate but lower the COF. Those 
findings are in good agreement with other studies, working with MWCNT-reinforced Ni or Cu 
[27,160,346]. The mentioned works further correlated the results with the formation of a lubricating 
carbon film on the surface and thus degraded MWCNT. However, other studies that reported on 
similar results, conclude that the used MWCNT were fully intact after tribological testing and argue 
that the beneficial tribological properties were obtained due to the possibility of CNT to perform a 
rolling movement and to act as nano-bearings [322,342]. Again, other works report on the dependence 
of the number of walls of MWCNT deciding on whether the particles degrade or not [156]. Hence, 
although different works came to similar tribological results, different explanations regarding the 
lubrication mechanisms of MWCNT were reported [240].  
Regarding a possible rolling or sliding mechanism of MWCNT, it must be noted that what is 
unfavorable for mechanical reinforcement of composites may be advantageous for a tribological 
optimization. A weak bonding of MWCNT to the metal phase is certainly not beneficial for a 
mechanical load transfer from the matrix to the reinforcement phase (considering the shear-lag 
model). However, it could lead to a free movement and thus easy sliding or rolling of MWCNT 
between the contacting surfaces [16]. In this context, the metallic matrix would function as a solid 
lubricant reservoir that continuously supplies the surface with the lubricant. In the event that a strong 
bonding exists, a rolling or sliding may not occur, while structural degradation of the CNT may arise 
with the formation of a lubricating carbonaceous layer. This may explain why different researchers 
observe beneficial tribological effects for the same composites but provide contradicting 
explanations and findings.  
 For this reason, choosing a metal matrix with a low tendency to form a stable interphase with 
MWCNT might be of great importance for an improvement in tribological behavior of the surface 
regarding a possible rolling/sliding mechanism of MWCNT. Thus, also for this reason, nickel is 
chosen as matrix material in the present dissertation due to its low tendency to form carbides.  
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With respect to this and despite the possibility of CNT to form a lubricious layer, the improvement in 
wear resistance is also often attributed to the role of CNT to act as spacers between the contacting 
surfaces [38,44]. Scharf et al. [44] have performed interesting studies with MWCNT-reinforced nickel 
metal matrix composites (Ni-MMC). The observed frictional results are shown in Fig. 37, measuring 
the COF of the composite against 440C steel balls (Fig. 37 (a)) or against Si3N4 balls (Fig. 37 (b)). 
The corresponding distribution of the MWCNT reinforcement phase is shown in Fig. 37 (c) using 
scanning electron microscopy (SEM) and a chemical verification by Auger electron spectroscopy 
showing Ni (green) and carbon (red) is provided in Fig. 37 (d). It can be noticed that MWCNT are 
present in agglomerated form. Nonetheless, a clear, long-term reduction in the COF is achieved by 
the reinforcement using MWCNT. In addition, it has been found that the formation of a lubricious 
MWCNT layer could act as an oxidation barrier, as oxygen first reacts with carbon and thus hinders 
the formation of NiO. This could reduce the formation of abrasive, oxidic third bodies in the 
tribological contact [44]. Furthermore, the fact that MWCNT are present on the surface of the worn 
composites significantly changes the surface chemistry compared to the unreinforced materials, 
strongly affecting the occurring wear mechanisms of the surfaces regarding effects based on 
adhesion [343]. 
 
Figure 37: COF measurements of unreinforced Ni reference and the MWCNT reinforced Ni composite 
measured with a ball-on-disc tribometer using a) 440C steel balls and b) Si3N4 balls as counterparts. The 
distribution of the MWCNT reinforcement phase in the composite is shown c), which is also validated by 
auger electron spectroscopy in d), with the color green representing the nickel matrix and red representing 
carbon. [44] 
 
Scharf et al. [44] further reported on a structural degradation of the MWCNT under tribological 
contact. The formed lubricious layer is still not further investigated. It is still rather unclear what the 
lubricating layer consists of and how the MWCNT degradation affects the tribological properties of 
the composites. The forming layer is sometimes said to be similar to graphite. However, a 
comparison of MWCNT-reinforced Ni with graphite-reinforced Ni has shown, that the MWCNT 
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reinforcement provides lower COF and wear [345]. Thus, the lubrication mechanism of MWCNT must 
be different from that of pure graphite lubrication. 
Furthermore, Suarez et al [40] have reported about similar friction and wear reducing effects of 
MWCNT-reinforced Ni (processed by HUP and CPS) in the case of short-term tribological 
experiments (200 sliding cycles). They found, that the measured friction and wear reduction could be 
correlated with a formation of an interfacial lubricating carbon layer, which is, however, not further 
specified. Additionally, they referred to the grain refinement effect of the CNT, leading to a higher 
hardness and lower indentation depth of the used alumina ball into the HUP-processed composite 
surface for low loads (up to 100 mN). For higher loads, surface oxidation would play a crucial role 
for the lubricating effect of these composites. In this regard, the samples with a lower mean grain 
size (HUP samples) lost their lubrication effect when measured using 300 mN of normal load due to 
the formation of a closed NiO layer (acting as a high shear strength layer and increasing the COF). In 
contrast, the CPS samples, with a higher mean grain size, showed less oxidation (due to fewer grain 
boundaries and thus less diffusion paths for oxygen) and stayed lubricated under 300 mN of normal 
load. 
In summary, it should be noted that the tribological effects regarding self-lubricating properties of 
MWCNT-reinforced MMC of all the studies in literature vary significantly, due to the different 
measuring conditions (humidity, load, temperature, conformal or non-conformal contact conditions, 
elastic or elasto-plastic contact conditions, etc.), processing parameters (sintering method, dispersion 
method, etc.), and materials (matrix material, mechanical properties, surface roughness, 
microstructure, counter-material, etc.) used, which makes it difficult to fully understand the 
lubrication mechanisms of these composites and to improve the measured promising effects. In this 
regard, Zhang et al. [322] stated in their review paper: “It is hard to ascribe the positive tribological 
role of CNT to any sole cause, as for most cases, if not all, more than one mechanism may work 
simultaneously”. 
ND 
ND have been used as reinforcement phase for various MMC (Al, Ti, Ni, Cu, W etc.) in the field of 
tribology mainly for anti-wear purposes [42,43,348–351]. Generally, the wear reduction is correlated with 
a significant increase in the hardness of ND-reinforced MMC. With increasing amounts of ND 
(typically up to 10 vol.-%), wear resistance is typically improved. These findings can be correlated 
with the strengthening mechanisms of ND as reinforcement phase in MMC that are described in 
section 2.2.1 of the present dissertation as well as the intrinsic high particles hardness. An improved 
wear resistance can also be correlated with the formation of a tribofilm [352]. In this regard, the high 
thermal conductivity of ND can increase heat transfer and thus promote a tribofilm formation, for 
example in the case of ND-reinforced WC-Co or Al composites [351,352].  Thus, the presence of ND 
particles as reinforcement phase can affect chemistry, microstructural evolution as well as the 
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mechanical behavior of the composites [352]. Certain conditions, such as increased temperature or 
nanocrystalline microstructures of the matrix phase have also resulted in increased wear if ND are 
added [42,353]. This increased wear could be explained by the removal of the ND from the matrix 
material, leading to an increased abrasive wear component due to the hard ND particles acting as 
third body or a thermally induced degradation of ND, resulting in a reduction of the hardness of the 
composite [353][42]. A significant frictional reduction, if any, is usually not observed in literature. 
However and in contrast, Kaftelen et al. [351] reported a frictional reduction of up to 50% compared to 
the unreinforced Al reference. This frictional reduction, however, is attributed to the ND-induced 
formation of a lubricious oxide layer on the ND-reinforced Al composites.  
OLC 
So far, there is no literature on OLC-reinforced MMC for tribological applications. However, some 
of the reinforcement mechanisms of CNT and ND are also expected to occur in OLC-reinforced 
MMC. The lubricating properties of OLC as reinforcement phase in MMC are not yet investigated. 
Summarizing, since a mechanical reinforcement effect is expected to occur for all the CNP-
reinforced MMC, a systematic tribological comparison of these composites provides more 
information on the occurring intrinsic lubrication mechanisms of the individual particles. A 
systematic investigation and correlation of the lubrication effects of similar CNP under the same 
conditions has not yet been done in literature and is therefore performed in the present dissertation. 
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3. OVERVIEW  
In the following, the main objectives are linked to the new findings of this dissertation. 
Subsequently, chapter four presents nine self-contained papers, all of which have been published in 
international, peer-reviewed journals and provide a detailed discussion of all results of this 
dissertation. The necessity of the following chapter is to provide a connection of the aforementioned 
publications to the proposed objectives and thus, to give a comprehensive overview and a concise 
summary of the most important results. For a more detailed presentation of the results, combined 
with an in-depth discussion as well as information about the used materials and methods, please refer 
to the attached publications. 
OBJECTIVE 1 
Colloidal mixing appears to be a well-suited approach to satisfy the requirements of objective 1. In 
Fig. 38, a short overview about the research areas addressed in objective 1 is given, which will be 
discussed in the following sections. 
 
Figure 38: Schematic overview of the addressed areas regarding objective 1 of the present dissertation, which 
allow for a full process control and comparative production of CNP-reinforced Ni-MMC. The papers, dealing 
with the respective topics are indicated. 
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CNP DISPERSION AND COLLOIDAL MIXING 
A detailed dispersion analysis and the investigation of the colloidal mixing method are provided in 
PAPER I. In their initial state (as-received), the CNP consist of large particle agglomerates 
(agglomerate diameters of up to 1 mm), which therefore must be de-agglomerated to be processed 
further. De-agglomeration is done by dispersion in ethylene glycol using a shear mixer followed by 
ultrasonic agitation. PAPER I provides a thorough study on this process avoiding particle 
functionalization and investigating the time needed to obtain the finest possible dispersion of CNP in 
the solvent. It is found that there is no difference between the dispersion grade of CNT, OLC and ND 
using the described method. A saturation value of the agglomerate radius is found to settle in at 40-70 
nm after 5 min of shear mixing, followed by 20 min in the ultrasonic bath. Longer treatment times do 
not allow for finer dispersions.  
The dispersed particles are analyzed by Raman spectroscopy with the aim of tracing a possible 
degradation caused by strong shear forces produced by the shear mixer and/or the ultrasonic agitation. 
In this regard, it is shown that even after 2 hours of ultrasonic agitation, no CNP degradation is 
observed. Once the dispersions are taken out of the ultrasonic bath, re-agglomeration of the particles 
starts to occur. Hence, the dispersion stability is further analyzed by sedimentation analysis and zeta-
potential measurements. From these experiments, it is concluded that ND provide the highest 
dispersion stability over time, followed by OLC and finally CNT. For one part, this is explained by 
the different bonding types in CNT and OLC, compared to ND. The π-bonding with a delocalized 
electron cloud in the case of the sp2-hybridized CNT and OLC translates into a higher electrostatic 
interaction of the particles (e.g. Van-der-Waals forces), resulting in a stronger agglomeration 
tendency. Although CNT and OLC dispersions show a similar zeta-potential (resulting from the 
similar electronic configuration), the sedimentation behavior differs strongly, which is related to the 
high aspect ratio of the CNT, inducing an additional mechanical interlocking effect, aiding the re-
agglomeration.  
 
GRAIN REFINEMENT EFFECT AND CNP DISTRIBUTION ANALYSIS IN MMC 
After determining the proper dispersion and blending route, composite samples are processed by HUP 
and the distribution of CNP in the metal matrix as well as the microstructure and mechanical 
reinforcement effect are analyzed. Regarding the CNP distribution and agglomerate sizes, the findings 
of the sedimentation analysis are verified, with ND providing the smallest agglomerates within MMC, 
followed by OLC and finally CNT. However, even though ND provide smaller agglomerates, both, 
OLC as well as ND agglomerates are distributed homogeneously, compared to CNT. This fact 
translates into a more pronounced grain refinement effect in the case of ND and OLC. The similar 
grain size distribution for ND and OLC is reasonable, since the grain refinement effect is rather 
dependent on the agglomerate distribution (as well as morphology) within the material than the 
Advanced self-lubricating surfaces based on carbon nanoparticles 
 Leander Reinert 63 
absolute agglomerate size. In contrast, the agglomerate size determines the development of the 
particle dispersion strengthening mechanism and thus the mechanical reinforcement effect. For this 
reason, the highest hardness increase (compared to the unreinforced Ni reference) is achieved for ND, 
followed by OLC and finally CNT reinforcement. From PAPER I, it is finally concluded that a low 
aspect ratio (0-D) and an sp3 carbon hybridization is beneficial for a homogeneous, fine distribution of 
CNP within MMC, leading to strongly pronounced grain refinement and an improved mechanical 
reinforcement effects. 
PAPER III provides further analysis regarding the manufacturing of CNP-reinforced MMC with 
different CNP concentrations, ranging from 0.5 vol.-% up to 10 vol.-%. This is done in order to 
investigate the evolution of the grain refinement effect as a function of the used CNP type and 
concentration, and thus to predict and control the microstructure of the resulting composites. With 
increasing CNP concentration, the mean grain size of the composites decreases. However, it is 
confirmed that the strongest grain refinement effect can be observed for ND and the weakest for CNT, 
when comparing the same particle concentrations. Furthermore, different saturation concentrations 
are found. If the saturation concentrations are exceeded, the grains become coarser again due to the 
higher tendency of the particles to form larger agglomerates (due to a shorter mean re-agglomeration 
free path). In the case of CNT, this concentration is 3 vol.-%, whereas up to 6.5 vol.-% and 10 vol.-% 
are achievable for OLC and ND, respectively. This behavior is explained by the same facts and 
findings from PAPER I. However, the acquired experimental data is additionally used to adapt a 
modified Zener model, predicting the mean grain sizes of the composites as a function of the CNP 
type and concentration for concentrations lower than the individual saturation concentration.  
Despite a process control based on the particle type and concentration, a way has been found allowing 
for the production of CNP reinforced MMC featuring the same mean grain size and hardness 
irrespective of the used CNP type and concentration in PAPER VIII. This is achieved by choosing a 
lower sintering temperature (700°C instead of 750°C), which results in a reduced driving force of 
grain growth and thus prevents differences in the extent of the Zener pinning effect when using 
different CNP types, concentrations and distributions. This finding is very important in order to be 
able to compare the composites tribologically, excluding any effect of differences in their 
microstructure or mechanical reinforcement. 
 
ND TO OLC TRANSFORMATION 
In PAPER II, a way is found to take advantage of the beneficial homogeneous distribution and small 
agglomerate sizes of ND in MMC, and apply it to OLC-reinforced composites. This is done by first 
manufacturing ND-reinforced Ni-MMC and subsequently transforming ND to OLC within the 
already sintered composite by annealing.  
The ND reinforced sintered composites are annealed at different temperatures from 750°C up to 
1300°C and the ND agglomerates are analyzed by UV Raman spectroscopy. With increasing 
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annealing temperature, the diamond band of the Raman spectrum vanishes and the disorder-induced 
D-band starts to be observed. At the same time, the wavenumber of the upshifted G-band of sp2-
hybridized carbon (from the outer shell of the ND particles) is reduced until reaching 1588 cm-1 after 
annealing at 1300°C. This observation clearly agrees with the transformation of ND powder towards 
OLC, reported in literature. The findings are supported by TEM analysis, verifying the presence of 
OLC within the MMC after annealing at 1300°C. Additionally, XPS measurements of the samples 
annealed at 750 °C and 1300°C confirm a change of the sp2-hybridized carbon content from 31.1 % to 
84.2 %, respectively. Comparing these results to the Raman analysis, it becomes clear, that the sp2 to 
sp3 carbon hybridization ratio can be tuned as a function of the annealing temperature of the 
composite. It is the first time in literature that the transformation process of ND to OLC within an 
MMC has been investigated and reported.  
All these findings allow for full process control of CNP Ni-MMC manufacturing by colloidal mixing 
and HUP, avoiding particle functionalization, minimizing particle degradation and enabling a fine 
and homogeneous particle distribution as well as a microstructure prediction of the produced MMC.  
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OBJECTIVE 2 
In order to achieve objective 2, an extensive tribological characterization of the composites is 
necessary. In this regard, Fig. 39 provides an overview of which areas are addressed in the present 
dissertation in order to understand the tribological behavior of the composites and to create self-
lubricating surfaces.  
 
Figure 39: Schematic overview of the addressed areas of the present dissertation, which enable for the 
understanding of the lubrication mechanisms involved in self-lubricating surfaces based on CNP. The papers, 
dealing with the respective topics are indicated 
 
MICROSTRUCTURAL INFLUENCE 
As a first step, a tribological comparison of CNT-reinforced Ni-MMC and CNT-coated Ni is 
performed in PAPER IV. The coating is done by drop casting a CNT dispersion on a Ni surface. 
Compared to the unreinforced CNT-coated Ni, the CNT-reinforced MMC provides a refined 
microstructure with CNT stored within the composite. In both approaches, CNT are present in the 
direct tribological contact area and thus, the investigation allows for the analysis of the influence of a 
refined microstructure on the tribological behavior of these surfaces. For the CNT-coated and the 
CNT-reinforced surface, the same frictional reduction is observed for the first 200 sliding cycles. Due 
to this, it is concluded that the frictional behavior is dominated by the presence or absence of CNT in 
the tribological contact and not by the microstructure. This observation is supported by the findings of 
the long-term experiments (20000 sliding cycles), where a frictional reduction is noticed exclusively 
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for the CNT-reinforced samples. For the CNT-coated surfaces, the breakdown in lubrication can be 
explained by the CNT being removed from the contact zone, which is verified by SEM analysis of the 
wear tracks. In the case of the CNT-reinforced composites, a continuous supply of CNT allows for a 
long-term lubrication of the contact.  
However, as discussed earlier, a smaller mean grain size of CNP-reinforced samples leads to a higher 
amount of grain boundaries, acting as diffusion paths for oxygen and thus favoring surface oxidation 
during a tribological experiment. This is shown in PAPER VIII. For high, non-conformal loading 
conditions (8N) and medium relative humidity (45%), a refined microstructure of a CNP-reinforced 
composite tends to form a homogenous oxide layer during the tribological experiment, whereas this is 
not observed for the coarse grained, unreinforced Ni reference. When choosing the MMC processing 
parameters to produce CNP-reinforced MMC with the same mean grain size, irrespective of the CNP 
type and concentration, a frictional reduction is only possible for the CNT-reinforced composites. For 
the reference, ND and OLC reinforced samples, the same tribological behavior is observed under 
various experimental conditions. These findings underline the statement that the microstructure 
affects the frictional behavior of CNP-reinforced composites to a rather minor degree and only due to 
induced differences in the surface oxidation behavior. 
 
PROTECTIVE COATINGS AND TAILORED SURFACE DESIGN 
Aiming towards a more detailed understanding of the lubrication mechanism of CNP-containing 
surfaces, the influence of the surface roughness as well as deterministic surface designs on the 
lubrication activity of CNP is investigated in PAPER V, VI, VII and IX. For this purpose, the 
different surfaces are coated using EPD in order to create homogeneous coatings with a defined 
thickness, allowing for copying of the generated surface topographies. 
 Surface roughness: 
It is found in PAPER VI, that the high aspect ratio and flexibility of 1-D CNT particles is beneficial 
for a constant lubrication, irrespective of the given surface roughness, since the particles can be 
dragged into the direct tribological contact region thus efficiently separating the contacting surfaces. 
Even though 0-D particles can separate the contacting surfaces and lubricate the contact by 
sliding/rolling, they lose this ability when interacting with a surface roughness higher than the particle 
diameter. Hence, with a particle diameter of 10 nm (at maximum) for OLC, the lubrication of 
technical surfaces or wear-subjected composite surfaces is not possible, which is also confirmed in 
PAPER VIII. The intrinsic lubrication mechanism of CNT is further found to be a mixture of two 
mechanisms. For one part, CNT are found oriented perpendicular to the sliding direction of the 
surfaces, separating the surfaces and being able to perform a sliding/rolling movement. For the other 
part, degraded CNT are found oriented parallel to the sliding direction of the surfaces, forming a 
lubricating graphitic carbon layer.  
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 Surface design: 
Since the surface topography plays an important role for the lubrication activity of the CNP, a 
deterministic surface topography is created on a steel surface by DLIP using a nanosecond laser or by 
DLW using a femtosecond laser, which is thoroughly analyzed in PAPER V, VII and IX. Because of 
the aforementioned reasons, the as-produced line-like surface structures are coated exclusively with 
CNT and not OLC or ND. Using EPD as a coating technique, it is shown by focused ion beam (FIB) 
cross-sections and SEM, that the laser patterning-induced surface topography is copied 
homogeneously by the CNT coating. The coating of these surfaces with CNT is done for two reasons: 
First, the possibility to create self-lubricating surfaces throughout versatile structuring and coating 
techniques using CNT should be evaluated. Second, the surface state of a composite-type surface 
should be imitated and simplified by a periodic surface design in order to allow for a more detailed 
understanding of the lubricating mechanism of CNP reinforced composites. In this regard, a large 
amount of CNT agglomerates in CNT-reinforced MMC feature a diameter of 1 µm or more (similar 
to the produced line-like surface structures with a depth of 1 µm). Furthermore, since the CNT are not 
chemically or physically bonded to the surrounding Ni matrix, the created laser-patterned, CNT-
coated surfaces can be considered similar to the CNT-reinforced composite surfaces. 
It is found, that the CNT coating and laser patterning act synergetically. Although bare patterning or 
coating fails in terms of continuous friction reduction, long-lasting lubrication is achieved by 
combining both approaches (frictional reduction of up to a factor of 4 compared to the reference). 
The CNT coating is further found to act as a tribo-chemical protection layer, efficiently separating 
the surfaces, hindering the surfaces from strong oxidation (by acting as an oxygen diffusion barrier) 
and reducing the formation of oxidic wear particles. Hence, wear of the laser patterning induced 
surface topography is slowed down due to the CNT coating. Nevertheless, oxidic wear particles do 
form, but they are trapped in the surface depressions of the laser structure and thus are transferred 
out of the tribological contact. Additionally, the created surface depressions of the laser patterns act 
as solid lubricant storage, supplying the surface continuously with pristine CNT (as in the case of 
CNT-MMC surfaces) thus prolonging the longevity of the lubrication effect significantly (more than 
five times compared to the CNT-coated, unpatterned surface).  
In this regard, a schematic model of the lubrication mechanism of the surfaces is provided in PAPER 
V. The general lubrication mechanism of the surface is based on elastic compression and restoration 
of CNT bundles, stored inside of the surface depressions and being continuously dragged into the 
direct tribological contact due to their high aspect ratio and flexibility. Raman analysis of the CNT in 
the wear tracks provides further insights onto their degradation mechanism, which is correlated to a 
three-stage amorphization trajectory model (see section 2.1.4). According to this model, 
nanocrystalline graphite is formed when CNT are tribologically stressed. In PAPER IX, the 
lubrication effect of CNT is discussed further and is found to act on a mixture of rolling/sliding of 
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CNT and graphitic lubrication by degraded CNT, which is presented in detail in a schematic model 
within this paper. In this regard, the degradation process of CNT, forming nanocrystalline graphite is 
very important, since pristine CNT can slide/role on top of formed graphitic layers, reducing the 
friction to COF values lower than what would be expected for a pure graphite-based lubrication. 
Comparing the surface structures achieved using a nanosecond or femtosecond laser, a different laser-
material interaction is observed. The ablation process of the femtosecond laser translates into the 
creation of surfaces with a higher load-bearing capacity. Hence, surfaces can be produced, which 
resemble even more the surfaces of CNT reinforced composite. In order to investigate the effect of the 
stored solid lubricant volume on the longevity of the lubrication effect, two different structural depths 
(1µm and 3µm) are chosen. Unexpectedly, the surfaces with less deep structures provide longer 
lubrication compared to the surfaces with deeper structures. Despite other influencing aspects 
discussed in PAPER VII, the steeper slope of the surface depressions of the deeper structures is 
found to be too high to allow for an elastic compression and restoration of the CNT bundles and thus 
the efficient supply of the contact with the solid lubricant.  
Since the CNT-coated surfaces are similar to the CNT-reinforced composite surfaces, the presented 
lubrication mechanism models of PAPER V, VII and IX can be transferred to composite-type 
surfaces as well.  
 
SELF-LUBRICATING MMC, STRESS COLLECTIVE AND CONTACT SITUATION 
For a detailed investigation of the tribological behavior of CNP-reinforced MMC, the composites are 
reinforced with different concentrations of CNP (5, 10 and 20 vol%) and exposed to different 
geometrical contact situations (conformal and non-conformal), different relative humidities (4% and 
45%) and different loads (in order to achieve fully elastic or elasto-plastic contact conditions) in 
PAPER IV, VIII and IX. 
 CNP concentration: 
In PAPER VIII, it can be seen that effective lubrication is observed only for CNT. The lubrication 
effect is more pronounced for higher concentrations, which is in good agreement with the findings of 
PAPER IV. Neither for ND nor for OLC, is a significant lubrication effect observable, which is 
explained by the particles being too small to be successfully brought into the tribological contact in 
order to separate the surfaces. 
 Relative humidity: 
The composites are investigated under different relative humidity in PAPER IV, VIII and IX, 
actively avoiding (in low humidity) or allowing (in medium humidity) for a graphite-based 
(intercalation/delamination) lubrication, respectively. Exclusively for CNT-reinforced composites, 
effective and constant lubrication is given under all tested conditions and particle concentrations. This 
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is explained with the high versatility of the lubrication mechanism of CNT. In the case of low 
humidity, lubrication is based on sliding/rolling of CNT on top of graphitic layers (which were 
formed by degraded CNT). For higher relative humidity, the lubrication is a mixture between 
sliding/rolling of CNT and a graphite-based lubrication.  
 Geometrical contact situation: 
Both, non-conformal and conformal contact conditions are analyzed in PAPER VIII and IX, 
respectively. In both cases, an effective lubrication is given for CNT. The lubrication is even more 
pronounced for conformal contact conditions, since a higher amount of CNT is present, lower contact 
pressures are applied and the surfaces can be separated more easily by CNT. 
 Loading condition: 
The contact loading is chosen based on contact mechanics simulations using the Jackson-Green 
model (using an Al2O3 ball as counter material) in PAPER VIII. In this simulation, the mechanical 
properties as well as the measured surface topographies of the contacting surfaces are taken into 
account. For a normal load of 100 mN, the composite bulk material behaves fully elastic whereas an 
elasto-plastic contact regime is reached at 8 N normal load. For low loads and relative humidity, the 
presence of CNT decreases a tribologically-induced surface oxidation as it has already been shown 
for the CNT coatings in PAPER IV, V and VII, which is not given for OLC- or ND-reinforced 
MMC. The lubrication mechanism of CNT in these composites is found to be based on the same 
mechanisms as in the laser-structured, CNT-coated surfaces, whereas the lubrication mechanism of 
the surfaces exposed to higher loads slightly differs. This is due to the formation of a homogeneous 
tribo-layer in all the CNP-reinforced composites, consisting of homogeneously intermixed Ni, NiO 
and carbon, which is investigated using TEM and EDS analysis. It is further observed, that cracks are 
formed within this layer, leading to the formation of individual, loosely-bonded sheets, which can 
freely move on top of each other or the substrate surface. The lubricating effects for CNT-reinforced 
composites is explained with the high aspect ratio and the possibility of CNT to be dragged in 
between the formed surface sheets, allowing the sheets to slide upon each other or the substrate due 
to the already described, intrinsic lubrication mechanism of CNT. 
 Sliding speed: 
Different linear sliding speeds are used in PAPER IV, V, VI, VII, VIII and IX from 1 mm/s, over 1 
cm/s up to 1 m/s. Regardless of whether the surfaces are coated with CNT or reinforced with CNT, 
effective lubrication is provided in all cases, rendering the general lubrication effect insensitive to 
sliding speeds within these ranges. 
 
All this highlights CNT as a very versatile solid lubricant, which can be used under various contact 
situations and environmental conditions in order to successfully create self-lubricating surfaces. 
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Even though they have shown homogeneous distribution, a high mechanical reinforcement effect and 
also potential lubrication effects, ND and OLC are not suited for self-lubricating surfaces. 
Summarizing, a continuous supply of CNP into the tribological contact is the most important thing to 
consider for CNP based self-lubricating surfaces, which can be achieved by CNP coated surfaces 
with a deterministic surface topography and/or CNP reinforced-MMC. Only for CNT, an effective 
lubrication is given irrespective of all tested loads, speeds, surfaces, materials, relative humidity or 
contact mechanics. This can be explained with the high aspect ratio of CNT, allowing them to be 
dragged into the tribological contact. Lubrication is achieved for all conditions due to the different 
possibilities of CNT to lubricate the contact (particle sliding/rolling and/or graphite-based 
lubrication).  
 
OBJECTIVE 3 
The findings of ALL PREVIOUS PAPERS are combined in this final objective in order to create 
application-oriented advanced self-lubricating surfaces based on CNP in PAPER IX. This is achieved 
by manufacturing CNT-reinforced composites with a volume concentration of 20% based on the 
performance shown in PAPER VIII, laser structuring the composite surfaces using the femtosecond 
laser with a structural depth of 1 µm found in PAPER VII and subsequently coating the surface 
structures homogeneously by EPD with CNT in order to protect the surface and to reduce surface 
oxidation, as developed in PAPER V, VI and VII. Based on this development, a prototypical self-
lubricating material has been processed and machined to be tested in a macroscopically loaded (20 N) 
conformal contact situation (similar to real testing conditions of a technical journal-type bearing). 
Continuously self-lubricating surfaces are produced, allowing for a maximum permanent reduction in 
friction and wear by a factor of 4 and 115, respectively, compared to a pure Ni surface with the 
lubrication mechanisms being fully understood.  
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4. INCLUDED PAPERS  
4.0  Outline  
I 
 
Colloidal mixing is found to be a suitable technique for the processing of CNP-reinforced 
Ni-MMC with the dispersion process and the distribution of CNP in MMC being 
extensively analyzed. A functionalization or degradation of CNP can be avoided, still 
allowing for homogeneous particle distributions within the MMC. 0-D CNP and an sp3- 
hybridization allow for the most homogeneous distributions, the smallest mean grain size 
and highest mechanical reinforcement effect.  
 
II 
 
The homogeneous distribution of ND in PAPER I is transferred to OLC by first 
manufacturing ND reinforced Ni-MMC and subsequently transforming ND to OLC 
within the already sintered composite by annealing. It is the first time in literature that the 
transformation process of ND to OLC within an MMC has been investigated. 
  
III 
 
The influence of CNP concentration on their distribution as well as the grain refinement 
effect is analyzed based on the processing method of PAPER I. Using the acquired 
experimental data, a modified Zener-model is introduced, predicting the mean grain sizes 
of the composites as a function of the CNP type and concentration and allowing for full 
process control of CNP Ni-MMC manufacturing.  
 
IV 
 
With the findings of PAPER I and III, a tribological comparison of CNT reinforced Ni-
MMC and CNT-coated Ni (by drop casting CNT on a pure Ni sample) is conducted. It is 
found that a refined microstructure plays only a minor role regarding its effect on a 
frictional reduction. Much more important is the general presence or absence of CNP in 
the tribological contact. A continuous supply of CNP into the tribological contact is the 
most important thing to consider for CNP-based self-lubricating surfaces. 
 
V 
 
Based on PAPER IV, a simplified surface situation, comparable to CNT-reinforced 
composites, is reproduced, allowing for a more detailed understanding of the lubrication 
mechanism. This is achieved by creating a deterministic surface topography on steel 
surfaces using DLIP, subsequently coating these surfaces by electrophoretic deposition 
with CNT, copying the surface topography by the CNT coating. A schematic model, 
describing the lubrication mechanism of these surfaces is presented and the longevity of 
the lubrication is significantly extended (factor of 5) compared to unpatterned surfaces. 
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VI 
 
The influence of surface roughness on the lubrication activity of 0-D and 1-D CNP is 
investigated. It is found that the high aspect ratio of 1-D particles is beneficial for a 
constant lubrication irrespective of the given surface roughness, since the particles can be 
dragged into the direct tribological contact region thus efficiently separating the 
contacting surfaces. 0-D particles lose their ability to lubricate the contact if a surface 
roughness higher than the particle diameter is reached.  
 
VII 
 
Based on the findings of PAPER V and VI, different surface designs are created by 
DLW using a femtosecond pulsed laser system. The created surfaces provide a higher 
load bearing capability than the surface of PAPER V. However, only for a specific 
surface design an efficient lubrication and a further prolongation of the lubrication effect 
up to almost 100 000 sliding cycles under the given loading conditions is achieved. 
 
VIII 
 
Based on the findings of PAPER I, III and IV, CNP reinforced Ni-MMC are produced 
with different CNP concentrations, all having the same microstructure. Using contact 
mechanics simulations and taking into account the mechanical properties and the surface 
topographies of the composites, tribological measurements under fully elastic and elasto-
plastic contact conditions are conducted. Additionally, the composites are investigated 
under different relative humidity, actively avoiding (in low humidity) or allowing (in 
medium humidity) for a graphite-based lubrication. Exclusively for CNT reinforced 
composites, effective and constant lubrication is given under all tested conditions and the 
lubrication and wear mechanisms of the individual composites are investigated and 
discussed in detail using various high-resolution characterization methods. 
 
IX 
 
The findings of ALL PREVIOUS PAPERS are combined in this final work in order to 
create advanced self-lubricating surfaces based on CNP. This is achieved by 
manufacturing the most promising CNT reinforced composites of PAPER VIII, laser 
structuring the composite surfaces using the surface design of PAPER VII and 
subsequently coating the surface structures by EPD with CNT, which was developed in 
PAPER V, VI and VII. This way, constantly self-lubricating surfaces are produced, 
allowing for a maximum reduction in friction and wear by a factor of 4 and 115, 
respectively, compared to a pure Ni surface. Additionally, the lubrication and degradation 
mechanism of CNT in a tribological contact is investigated and presented in detail by 
Raman analysis in a schematic model. 
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Abstract: 
Dispersions of multi-wall carbon nanotubes, onion-like carbon, and nanodiamonds in ethylene glycol 
are produced using a homogenizer and an ultrasonic bath, altering the treatment time. The dispersed 
particles are then used as reinforcement phase for nickel matrix composites. These nanoparticles are 
chosen to represent different carbon hybridization states (sp2 vs. sp3) or a different particle geometry 
(0D vs. 1D). This allows for a systematic investigation of the effect of named differences on the 
dispersibility in the solvent and in the composite, as well as the mechanical reinforcement effect. A 
comprehensive suite of complementary analytical methods are employed, including transmission 
electron microscopy, Raman spectroscopy, dynamic light scattering, sedimentation analysis, zeta-
potential measurements, scanning electron microscopy, electron back scatter diffraction, and Vickers 
microhardness measurements. It can be concluded that the maximum achievable dispersion grade in 
the solvent is similar, not altering the structural integrity of the particles. However, nanodiamonds 
show the best dispersion stability, followed by onion-like carbon, and finally multi-walled carbon 
nanotubes. The distribution and agglomerate sizes of the particles within the composites are in good 
agreement with the dispersion analysis, which is finally correlated with a maximum grain refinement 
by a factor of 3 and a maximum mechanical reinforcement effect for nanodiamonds. 
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Abstract: 
In the present study, nickel matrix composites reinforced with a fine distribution of nanodiamonds 
(6.5 vol%) as reinforcement phase are annealed in vacuum at different temperatures ranging from 
750 °C to 1300 °C. This is carried out to evaluate the in-situ transformation of nanodiamonds to 
carbon onions within a previously densified composite. The resulting materials are thoroughly 
analyzed by complementary analytical methods, including Raman spectroscopy, transmission 
electron microscopy, scanning electron microscopy, energy dispersive X-ray spectroscopy and X-ray 
photoelectron spectroscopy. The proposed in-situ transformation method presents two main benefits. 
On one hand, since the particle distribution of a nanodiamond-reinforced composite is significantly 
more homogenous than in the case of the carbon onions, it is expected that the transformed particles 
will preserve the initial distribution features of nanodiamonds. On the other hand, the proposed 
process allows for the tuning of the sp3/sp2 carbon ratio by applying a single straightforward post-
processing step. 
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Abstract: 
Nickel matrix composites are produced with concentrations of 0.5–10 vol% of carbon nanotubes 
(CNT), onion-like carbon (OLC), or nanodiamonds (nD) as reinforcement phase by hot pressing. 
The effect of the carbon nanoparticle (CNP) type and concentration on the microstructure is 
analyzed. Grain sizes are measured and a model is adapted to predict the observed grain refinement 
for all CNP. The individual saturation concentration and maximum achievable grain refinement 
differs (for CNT: 3 vol%, OLC: 6.5 vol% and nD: 10 vol%), which is correlated to the agglomerate 
diameter distribution. This can be traced back to different hybridization states and different particle 
geometries, therefore providing valuable information for CNP-reinforced Metal matrix composites to 
a general extent. 
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Abstract: 
In this study, nickel matrix composites reinforced by carbon nanotubes (CNTs) are compared to 
unreinforced CNT-coated (by drop-casting) bulk nickel samples in terms of their friction and wear 
behavior, thus gaining significant knowledge regarding the tribological influence of CNTs and the 
underlying tribo-mechanism. It has been shown that the frictional behavior is mainly influenced by 
the CNTs present in the contact zone, as just minor differences in the coefficient of friction between 
the examined samples can be observed during run-in. Consequently, the known effect of a refined 
microstructure, thus leading to an increased hardness of the CNT reinforced samples, seems to play a 
minor role in friction reduction compared to the solid lubrication effect induced by the CNTs. 
Additionally, a continuous supply of CNTs to the tribo-contact can be considered isolated for the 
reinforced composites, which provides a long-term friction reduction compared to the CNT-coated 
sample. Finally, it can be stated that CNTs can withstand the accumulated stress retaining to some 
extent their structural state for the given strain. A comprehensive study performed by complementary 
analytical methods is employed, including Raman spectroscopy and scanning electron microscopy 
tounderstand the involved friction and wear mechanisms. 
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Abstract: 
The use of lubricants (solid or liquid) is a well-known and suitable approach to reduce friction and 
wear of moving machine components. Another possibility to influence the tribological behaviour is 
the formation of well-defined surface topographies such as dimples, bumps or lattice-like pattern 
geometries by laser surface texturing. However, both methods are limited in their effect: surface 
textures may be gradually destroyed by plastic deformation and lubricants may be removed from the 
contact area, therefore no longer properly protecting the contacting surfaces. The present study 
focuses on the combination of both methods as an integral solution, overcoming individual 
limitations of each method. Multiwall carbon nanotubes (MWCNT), a known solid lubricant, are 
deposited onto laser surface textured samples by electrophoretic deposition. The frictional behaviour 
is recorded 
by a tribometer and resulting wear tracks are analysed by scanning electron microscopy and Raman 
spectroscopy in order to reveal the acting tribological mechanisms. The combined approach shows 
an extended, minimum fivefold longevity of the lubrication and a significantly reduced degradation 
of the laser textures. Raman spectroscopy proves decelerated MWCNT degradation and oxide 
formation in the contact. Finally, a lubricant entrapping model based on surface texturing is proposed 
and demonstrated. 
 
Cite this as: 
L. Reinert, F. Lasserre, C. Gachot, P. Grützmacher, T. MacLucas, N. Souza, F. Mücklich, S. Suárez, Long-
lasting solid lubrication by CNT-coated patterned surfaces. Scientific Reports 2017, 7, 42873. 
(https://doi.org/10.1038/srep42873) 
 
 
 
 
Advanced self-lubricating surfaces based on carbon nanoparticles 
 Leander Reinert 78 
VI Influence of surface roughness on the lubrication effect 
 of carbon nanoparticle-coated steel surfaces 
Leander Reinert, Silas Schütz, Sebastian Suárez and Frank Mücklich  
Department of Material Science and Engineering, Saarland University, 66123 Saarbrücken, Germany 
 
Published in “Tribology letters” (Impact factor (2018): 2.182) 
The final publication is available at link.springer.com 
Accessible online at: https://doi.org/10.1007/s11249-018-1001-6 
 
Own contribution: 
Planning of tribological experiments; Friction coefficient analysis; Scanning electron microscopy 
and wear track analysis; Writing; Discussion; Planning. 
 
Abstract: 
In the present study, a systematic evaluation of the influence of the surface roughness on the 
lubrication activity of multiwall carbon nanotubes (MWCNT) and onion-like carbon (OLC) is 
performed. MWCNT and OLC are chosen as they both present an sp2-hybridization of carbon atoms, 
show a similar layered atomic structure and exhibit the potential to roll on top of a surface. However, 
their morphology (size and aspect ratio) clearly differs, allowing for a methodical study of these 
differences on the lubrication effect on systematically varied surface roughness. Stainless steel 
platelets with different surface finishing were produced and coated by electrophoretic deposition 
with OLC or MWCNT. The frictional behavior is recorded using a ball-on-disc tribometer and the 
resulting wear tracks are analyzed by scanning electron microscopy in order to reveal the acting 
tribological mechanisms. It is found, that the lubrication mechanism of both types of particles is 
traced back to a mixture between a rolling motion on the surfaces and particle degradation, including 
the formation of nanocrystalline graphitic layers. This investigation further highlights, that choosing 
the suitable surface finish for a tribological application is crucial for achieving beneficial tribological 
effects of carbon nanoparticle lubricated surfaces. 
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Own contribution: 
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Planning. 
  
Abstract: 
Topographically designed surfaces are able to store solid lubricants, preventing their removal out of 
the tribological contact and thus significantly prolonging the lubrication lifetime of a surface. The 
present study provides a systematic evaluation of the influence of surface structure design on the 
solid lubrication effect of multi-walled carbon nanotubes (MWCNT) coated steel surfaces. For this 
purpose, direct laser writing using a femtosecond pulsed laser system is deployed to create surface 
structures, which are subsequently coated with MWCNT by electrophoretic deposition. The 
structural depth or aspect ratio of the structures and thus the lubricant storage volume of the solid 
lubricant is varied. The frictional behavior of the surfaces is recorded using a ball-on-disc tribometer 
and the surfaces are thoroughly characterized by complementary characterization techniques. 
Efficient lubrication is achieved for all MWCNT coated surfaces. However, and in contrast to what 
would be expected, it is shown that deeper structures with larger lubricant storage volume do not 
lead to an extended lubrication lifetime and behave almost equally to the coated unstructured 
surfaces. This can be attributed, among other things, to differences in the final surface roughness of 
the structures and the slope steepness of the structures, which prevent efficient lubricant supply into 
the contact. 
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Abstract: 
The present study focuses on investigating the dominant friction and wear mechanisms in the case of 
dry sliding of carbon nanoparticle reinforced nickel matrix composites under elastic and elasto-
plastic contact conditions. For this purpose, multi-wall carbon nanotubes (CNT), onion-like carbon 
(OLC) and nanodiamonds (nD) were chosen to represent a large variety of carbon nanoparticles as 
they can be systematically distinguished regarding their carbon hybridization state (sp2 vs. sp3) as 
well as their morphology and size (“0D” vs. “1D”). Contact simulations based on the Greenwood-
Williamson model are conducted in order to calculate the required contact loads. Friction and wear 
analysis is supported by complementary characterization techniques, including scanning electron 
microscopy, transmission electron microscopy, energy dispersive spectroscopy, Raman 
spectroscopy, light microscopy as well as laser scanning microscopy. It is found, that only CNT 
provide efficient lubrication as reinforcement phase in composites, presenting different lubrication 
mechanisms for the tested contact conditions. The high aspect ratio of CNT is found to be essential 
for the lubrication mechanisms, allowing the particles to be dragged into the direct tribological 
contact. The lubrication effect increases with increasing volume content of CNT, reaching a 
maximum steady state frictional reduction of 50% compared to the unreinforced nickel reference. 
 
Cite this as: 
L. Reinert, I. Green, S. Gimmler, B. Lechthaler, F. Mücklich and S. Suárez, Tribological behavior of self-
lubricating carbon nanoparticle reinforced metal matrix composites. Wear 2018, 408-409, 72-85 
(https://doi.org/10.1016/j.wear.2018.05.003) 
 
 
 
Advanced self-lubricating surfaces based on carbon nanoparticles 
 Leander Reinert 81 
IX Dry friction and wear of self-lubricating carbon 
 nanotube-containing surfaces 
Leander Reinert1, Michael Varenberg2, Frank Mücklich1 and Sebastian Suárez1 
1 Department of Material Science and Engineering, Saarland University, 66123 Saarbrücken, Germany 
2 George W. Woodruff-School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, USA 
 
Published in “Wear” (Impact factor (2018): 2.960) 
Accessible online at: https://doi.org/10.1016/j.wear.2018.03.021 
 
Own contribution: 
Planning and coordination of sample processing, Surface analysis by laser scanning microscopy; 
Tribological experiments including friction coefficient and quantitative wear analysis; Scanning 
electron microscopy including particle distribution and wear track analysis; Raman spectroscopy; 
Electron backscatter diffraction analysis; Electron dispersive spectroscopy analysis; Writing; 
Discussion; Planning. 
 
Abstract: 
The unfavorable environmental conditions of certain tribological systems, such as operation at high 
temperatures or under vacuum, set the need to replace liquid with solid lubricants. Multi-Wall-
Carbon Nanotubes (MWCNTs) have been emphasized as a very effective solid lubricant. The 
particles have been used to create self-lubricating materials by acting as reinforcement phase in 
composites or as solid-lubricant coating that works in conjunction with textured surfaces to prevent 
the removal of particles from the contact. However, both approaches are restricted to some extent. In 
the case of composites, the solid lubricant concentration is limited so as not to influence the 
mechanical stability of the final component. For coated surface structures, the textured surfaces can 
degrade during the experiment. The present study focuses on the combination of these approaches in 
order to create enhanced self-lubricating surfaces with MWCNTs as the solid lubricant. A custom-
made ring on block tribometer is used to study the behavior of laser textured MWCNT-coated and 
MWCNT-reinforced nickel matrix composites under the conditions of unidirectional sliding in 
conformal contact. It is shown that the combination of both approaches allows for a maximum 4-fold 
reduction in friction and a 115-fold reduction in wear rate compared to the reference. Additionally, 
the lubrication mechanism of the MWCNTs is investigated in more detail and a structural 
degradation model of the mechanically stressed MWCNTs is proposed. Our results highlight the 
integrated solution as a suitable approach for self-lubricating surfaces subjected to unidirectional 
sliding 
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5. CONCLUSIONS AND OUTLOOK  
The dissertation addresses the development of self-lubricating surfaces using a new and emerging 
field of solid lubricants (CNP). Hence, a method must be found, providing full process control and 
allowing for a comparable and reproducible way to produce CNP-containing surfaces without 
changing the CNP properties (Objective 1). Secondly, the lubrication activity and mechanism of the 
chosen CNP, providing systematically distinguishable morphology and carbon hybridization, must 
be evaluated and understood under varying stress collective, surface designs and contact situations 
(Objective 2). Based on these findings, a prototypical, constantly self-lubricating surface should be 
manufactured, combining the most efficient approaches (Objective 3). In the following, the most 
important findings of the dissertation are briefly summarized. 
OBJECTIVE 1 
CNP containing surfaces can be produced through CNP reinforcement of MMC. Regarding its 
processing, colloidal mixing followed by hot uniaxial pressing is chosen, since a functionalization or 
degradation of the CNP is avoided, still allowing for homogeneous particle distributions within the 
MMC. It is found that 0-D CNP and an sp3-hybridization present the most homogeneous distributions, 
the smallest mean grain size and highest mechanical reinforcement effect. The best achievable particle 
distribution for sp3-hybridized particles (ND) was successfully transferred to sp2-hybridized particles 
(OLC) by annealing a pre-sintered ND-reinforced MMC. Even though the transformation process of 
ND to OLC is well known, it is the first time that it has been successfully conducted and characterized 
within a pre-sintered composite. Additionally, a model, based on the Zener-boundary drag effect, has 
been adapted, predicting the final mean grain size as a function of the type and concentration of the 
used CNP when the proposed optimum processing parameters are used. However, the processing 
parameters can also be chosen so as to produce CNP-reinforced MMC with various concentrations, all 
providing the same microstructure and thus allowing for a tribological comparison. Considering all 
these points, it can be stated that all challenges regarding the development of a reproducible and fully 
controllable processing method have been met. 
OBJECTIVE 2 
A continuous supply of CNP into the direct tribological contact is the most important thing to 
consider for CNP-based self-lubricating surfaces. A high aspect ratio and flexibility of the particles 
are beneficial to achieve a permanent lubrication, regardless of the given surface roughness, since the 
particles can be pulled into the direct tribological contact region thus efficiently separating the 
contacting surfaces. These conditions are met for 1-D CNT particles. Even though 0-D particles can 
separate the contacting surfaces and lubricate the contact by sliding/rolling, they lose this ability 
when interacting with a surface roughness higher than the particle diameter, which is given for most 
technical surfaces. A specifically designed deterministic surface (using DLIP or DLW) has been 
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introduced and is subsequently coated with CNT. It is found that the surface design and CNT coating 
interact synergetically with CNT being stored within the created surface depressions, which 
continuously supply the surface with the solid lubricant, achieving a 9-fold extension in the longevity 
of the lubrication effect. The surface lubrication mechanism acts on compression and elastic 
restoration of CNT bundles and the ability of CNT to be dragged inside of the contact region 
irrespective of the given topographical contact situation. Since the designed surface is comparable to 
a CNT-reinforced MMC surface, the lubrication mechanism can be transferred to CNP-reinforced 
MMC as well. 
Particle degradation is observed for all CNP in a tribological contact. However, specifically for CNT, 
the degradation is directly related to its intrinsic lubrication mechanism. It is the first time that a 
tribologically induced CNT degradation has been quantified and correlated to an amorphization 
trajectory model. With on-going CNT degradation, nanocrystalline graphite is formed. This is very 
important so as to allow pristine CNT to perform a sliding/rolling movement on top of these 
graphitic surfaces, reducing the COF to values below what would be expected for a pure graphite-
based lubrication. Based on contact mechanics simulations (using the Jackson-Green model), the 
composites are also tested under elastic or elaso-plastic contact situations, with only CNT reinforced 
MMC presenting constant lubrication. For low loads and low relative humidity, surface oxidation is 
reduced with CNT acting as an oxidation barrier, effectively separating the contacting surfaces and 
diminishing the occurrence of wear. Since graphite-based lubrication can be excluded for low 
relative humidity, lubrication is mainly associated with sliding/rolling of pristine CNT on top of the 
formed graphitic layer. For higher loads and relative humidity, strong oxidation is observed. 
However, the formed carbonaceous oxidic layer breaks into sheets, which can freely move on the 
surface being lubricated by CNT. In this case, lubrication acts on a mixture of sliding/rolling of CNT 
and shearing based graphite lubrication. Regarding conformal or non-conformal contact situations or 
different sliding speeds (1 mm/s – 1 m/s) for CNT coated or reinforced composites, efficient and 
constant lubrication is always given. This qualifies CNT as a versatile solid lubricant, adapting to the 
given contact situations and environmental conditions by effectively combining different solid 
lubricant working principles, namely: rolling, sliding and shearing. 
OBJECTIVE 3 
The combination of CNT-reinforced MMC, specific surface designing by laser structuring and 
subsequent CNT coating finally results in the production of advanced self-lubricating surfaces. A 
prototypical self-lubricating surface has been successfully manufactured and is tested in a 
macroscopically loaded (20 N) conformal contact situation (similar to real testing conditions of a 
journal-type bearing component), allowing for a maximum reduction in friction and wear by a factor 
of 4 and 115, respectively (compared to a pure Ni surface) with the lubrication mechanisms being 
fully understood.  
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Summarizing, out of the three studied CNP types, CNT are identified as a nano-scale, multi-purpose 
solid lubricant, which can be effectively applied to create self-lubricating surfaces. Being stored in a 
nickel matrix or a specifically designed surface, CNT are continuously transferred into the contact 
and are thus easy to replenish. The effectiveness of the lubrication is comparable to other currently 
used solid lubricants but is more robust regarding the stress collective or environmental conditions. 
With sp2-hybridized graphitic carbon being the most stable carbon configuration under standard 
pressure and temperature, CNT are expected to provide a very good aging stability. CNT are further 
known to be thermally stable under atmospheric conditions at temperatures of up to 600-700°C, 
rendering CNT a promising solid lubricant candidate for higher temperature applications [354]. 
Additionally, CNT are able to carry away generated heat due to their high thermal conductivity and 
also provide a high electrical conductivity, rendering them an interesting reinforcement material for 
tribo-electrical applications (for example plug connectors or contact brushes). Due to their nano-
scale size, low density and high mechanical strength, CNT further offer the possibility to 
mechanically reinforce structural components, which are subjected to friction and wear, thus also 
being usable for lightweight construction of machine elements. Finally, and together with all the 
mentioned points, the suitability of CNT as a lubricant under vacuum as well as under atmospheric 
conditions proves its advantage in terms of applicability and robustness compared to other solid 
lubricants. 
OUTLOOK 
The identification of the requirements needed to create self-lubricating surfaces based on CNT and 
the detailed understanding of their lubrication mechanism are a stepping-stone in the state of the art 
of this research field. The choice of laser patterning as a very versatile and flexible tool allows for 
the transfer of the chosen surface design to nearly any material surface. Additionally, the chosen 
coating technique (electrophoretic deposition) is suited for every electrically conductive substrate 
material. Hence, the findings presented in this dissertation could be easily transferred to almost any 
metallic surface, which highlights its wide span of applicability.  
The utilization of CNT as solid lubricant in MMC requires the chemical inertness of the matrix 
material with regards to a potential carbide formation. Thus, with elements such as Cu and Sn 
showing no tendency to form carbides, the presented method could be transferred to sintered bronze 
slider bearings, which already find application in almost every sector of tribological importance 
(general mechanical engineering, automotive, power tools, sports and leisure equipment, office-, 
textile- or agricultural machinery, etc.). So far, these sintered slider bearings are soaked with a liquid 
lubricant (e.g. oil) or other solid lubricants such as MoS2 are embedded. However, regarding the 
processing of CNT-reinforced sintered bronze slider bearings, research still needs to be carried out. 
Regarding other technically applicable materials, such as steel or other alloys, they typically contain 
elements like Cr, Al, Ti or V, all showing a strong tendency to form thermodynamically-stable 
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carbides. Hence, when sintering a CNT powder mixture including these elements, CNT would be 
fully dissolved in the metal phase forming carbides and no lubrication can be expected. One way to 
overcome this limitation could be a protective coating of the CNT before sintering the composite 
material, with the coating acting as a diffusion barrier between the metal matrix and the CNT. In this 
regard, a full CNT encapsulation using the molecular level mixing method could be an interesting 
approach, although the CNT would be covalently functionalized and thus degraded to some extent. 
An alternative could be a galvanic coating of the CNT (e.g. with Ni). However, since the coating 
would form a metallic bond to the matrix material, the mobility of the encapsulated CNT could be 
reduced, diminishing the lubrication effect. Hence, further research should be carried out in this area. 
Another promising approach to expand the field of application of CNT-reinforced Ni-MMC is its use 
as surface coating using electroless or electro deposition, which is currently studied in literature. 
These techniques allow applying the self-lubricating MMC onto technically more relevant alloys 
acting as a friction- and wear-reducing surface protection layer. Also, additive manufacturing, e.g. 
using laser-cladding, could be very promising in order to coat technically usable components. In this 
regard, the presented CNT Ni powder processing method could be used to manufacture a precursor 
powder for this processing route. However, both mentioned coating methods would involve a new 
process development and full material characterization, since the involved temperatures, 
microstructure or phase formations could differ significantly from the system presented in this 
dissertation. Therefore, it would be a complete study in itself. 
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FIGURES 
Figure 1: Schematic of the development route of the present dissertation 4 
Figure 2: a) Bonding structure of graphite and b) diamond. 6 
Figure 3: Selection of currently known forms of sp2-hybridized carbon nanomaterials. 
 a) C60: Buckmisterfullerene, b) carbon onion, c) carbon nanotube, d) nanocone/horn, e) 
nanotoroid, f) graphene, g) graphite, h) haeckelite surface, i) graphene nanoribbon, j) graphene 
cluster, k) helicoidal carbon nanotube, l) short carbon chain, m) schwarzite crystal, n) carbon 
nanofoam, o) nanotube network, p) nanoribbon network [57]. 
7 
Figure 4: Schematic representation of the most common atomic structure of a single nanodiamond 
particle.  The grey-colored, highly ordered structures correspond to the sp3-hybridized, diamond 
carbon  bonding. In black, aromatic structures of sp2-hybridized carbon are visible which 
terminate the surface  of the nanodiamond. Additionally, oxygen- and nitrogen-containing 
functional groups are depicted  (red and blue, respectively) as well as hydrocarbon chains 
(green) or hydrogen terminations (white)  [33].  
9 
Figure 5: a) Phase diagram of carbon as a function of pressure and temperature with blue lines 
inserted for nanomaterials. b) Scheme of the shock wave evolution in the detonation synthesis of 
nanodiamonds, showing (I) shock wave front, (II) zone of chemical reaction, (III) Chapman-
Jougout plane (corresponding to point A in the phase diagram, (IV and V) detonation products, 
(VI) formation of liquid droplets and finally, (VII) crystallization process towards the formation of 
nanodiamonds [33].  
10 
Figure 6: a) Transmission electron micrograph of OLC, presenting the layered, onion-like 
morphology of the particle. b) Schematic of a defect-free, single OLC particle, showing the typical 
aromatic carbon  multi-shell structure of sp2-hybridized carbon rings [74]. 
11 
Figure 7: Schematic transformation process of ND to OLC as a function of temperature with 
corresponding TEM micrographs exemplifying the transformation stages. Variations in the 
individual stages can occur since the transformation process also depends on the used 
environmental conditions (inert gas or vacuum) and the nanodiamond precursor size [73,84]. 
12 
Figure 8: Schematic of a) single-wall CNT and b) multi-wall CNT with an intertubular lattice 
spacing of 0.34  nm. Modified from [92]. 
13 
Figure 9: A chirality map is shown, presenting a 30° wedge of a graphene sheet. The chiral vector 
Ch with the  coordinate system being described by the unit vectors (a1, a2), the tube axis T and 
the tube diameter dt are presented and schematically illustrated. A color coding describes the 
electrical behavior of the SWCNT as a function of the integers of Ch [92]. 
 
 
14 
Figure 10: Growth mechanism of CNT in a CVD process showing a) the tip-growth model and b) 
the base growth model at different stages [106]. 
15 
Figure 11: a) Raman spectrum of a nano-graphite sample including the main characteristic peaks 
for a Raman analysis of graphitic carbon (except for *, which is a Raman mode of N2 gas and was 
present recording the spectrum). The excitation wavelength was 514.5 nm. Furthermore, 
schematics illustrating the vibrational modes of the carbon lattice corresponding to b) the G-mode 
and c) the D-mode are added. Modified from [115,117]. 
17 
Advanced self-lubricating surfaces based on carbon nanoparticles 
 Leander Reinert 99 
Figure 12: Phenomenological three-stage amorphization model of crystalline graphite towards 
tetrahedral amorphous carbon. The model also allows for a quantification of sp3 carbon as a 
function of the defect index and the G-band position. First, nanocrystalline graphite is formed 
before the amorphization towards amorphous carbon (a-C) and finally tetragonal amorphous 
carbon (ta-C) proceeds. Modified from [115]. 
19 
Figure 13: a) Raman spectra of the transformation process from ND to OLC as a function of the 
annealing temperature from room temperature to 1000°C (recorded with a UV laser excitation of 
325 nm). b) Diamond-band and c) G-band deconvolution for ND particles [33,50]. 
20 
Figure 14: Basic classification of MMC 22 
Figure 15: Schematic of the molecular-level mixing method in the case of CNT. a) 
Functionalization and b) metal oxide decoration followed by c) calcination and reduction leading to 
metal encapsulated CNT in d) [103]. 
24 
Figure 16: a) Schematic of ball milling. Integration process of CNP into the metal particles is 
shown in b), c) and d) [103]. 
24 
Figure 17: Schema of colloidal mixing. Ultrasonication is used to disaggregate the CNP and metal 
particles are added (a), followed by a merging of the two phases in the solvent (b). The solvent is 
evaporated (c) yielding a mixture of CNP and metal powder (d) [103]. 
25 
Figure 18: Densification curve of a powder compact, showing the three sintering stages [164].  26 
Figure 19: Schematic of CPS, visualizing cold pressing of the green pellet and subsequent 
pressureless sintering in a furnace [103]. 
27 
Figure 20: Schematic of SPS, showing pre-compaction of the powder by cold pressing using 
graphite punches, followed by applying a high current (pulsed electric DC) but keeping the applied 
pressure. Thus, sintering is performed by electrical resistance heating [103]. 
28 
Figure 21: Schematic process of HUP, demonstrating the pre-compaction process by cold pressing 
using alumina punches which is then followed by inductive heating while keeping a constant 
pressure to sinter the sample [103]. 
29 
Figure 22: Schematic illustration of the influence of CNT orientation relative to the external 
applied load σ on the load transfer of metal to CNT [140]. 
31 
Figure 23: Gibbs free energy of formation of several carbides in different metal systems as a 
function of temperature [140] 
32 
Figure 24: Schematic illustration of the Stribeck curve for liquid lubrication, showing the three 
main lubrication regimes: boundary, mixed and hydrodynamic lubrication. 
34 
Figure 25: Schematic illustration of the contact between two rough surfaces, visualizing the 
apparent and real contact areas. The apparent contact area is determined by the geometry of the 
contacting bodies, whereas the real area is the sum of the individual surface roughness asperity 
contacts. 
36 
Figure 26: Schematic illustration of the atomic structure of graphite, consisting of stacked 
graphene sheets with an interlayer distance of 0.335 nm [235]. 
39 
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Figure 27: COF (µ) measured against the number of cycles for a graphite (a) or solution processed 
graphene (SPG) (b) lubricated steel surface under dry nitrogen or humid air conditions. A ball on 
disc tribometer was used with a steel ball of 9.5 mm in diameter and a normal load of 1 N was 
applied [17]. In c) a simulation with an AFM tip contacting and shearing a graphene layer is 
performed, resulting in an out-of-plane deformation of graphene [17]. 
 
40 
Figure 28: ternary phase diagram of bonding in amorphous carbon-hydrogen alloys [241]. 41 
Figure 29: Atomic structure of MoS2 with interatomic distances [246]. 42 
Figure 30: Schematic of the laser material interaction for a) a short-pulsed laser system and b) an 
ultra-short-pulsed laser system [268]. 
46 
Figure 31: a) Schematic of the equipment and optics needed for the beam guidance in order to 
overlap the sub-beams on the sample surface according to the DLIP principle using a nanosecond 
laser. b) Schematic of the interference principle, creating regions of high intensity (positive 
interference) and low intensity (negative interference). The distance from one positive interference 
position to the next depends on the interfering angle of the sub-beams and the wavelength λ of the 
laser beam. 
47 
Figure 32: a) Mean value of 60 cycles of a pin on disc friction coefficient measurement of 
MWCNT on a quartz surface measured using a borosilicate pin and a normal load of 2 mN [35]. b) 
Schematic of the tank-belt model, showing transversely oriented CNT and c) vertically oriented 
CNT in between two diamond surfaces [47]. 
49 
Figure 33: a) Friction coefficient measurement of nanodiamond, graphene and 
nanodiamond+graphene for a DLC against SiO2 contact under dry ambient conditions and b) 
humid (30% relative humidity) conditions. c) – f) shows a schematic of the mechanism of graphene 
nanoscroll wrapping of nanodiamonds in the mentioned tribological contact [291,292]. 
51 
Figure 34: Friction coefficient measurement of  OLC, graphite, C60 fullerene and diamond 
clusters under a) ambient conditions and b) under vacuum [36]. 
52 
Figure 35: Schematic of the electrophoresis principle. Electrodes provide a specific voltage so that 
charged, dispersed particles (colored in red) are deposited on the cathode (+) or anode (-) 
depending on their surface charge [314]. 
54 
Figure 36: a) COF measurements of MWCNT-reinforced Al composites for different MWCNT 
concentrations and b) the corresponding wear rate measurements [338]. 
57 
Figure 37: COF measurements of unreinforced Ni reference and the MWCNT reinforced Ni 
composite measured with a ball-on-disc tribometer using a) 440C steel balls and b) Si3N4 balls as 
counterparts. The distribution of the MWCNT reinforcement phase in the composite is shown c), 
which is also validated by auger electron spectroscopy in d), with the color green representing the 
nickel matrix and red representing carbon. [44] 
58 
Figure 38: Schematic overview of the addressed areas regarding objective 1 of the present 
dissertation, which allow for a full process control and comparative production of CNP reinforced 
Ni-MMC. The papers, dealing with the respective topics are indicated. 
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Figure 39: Schematic overview of the addressed areas of the present dissertation, which enable for 
the understanding of the lubrication mechanisms involved in self-lubricating surfaces based on 
CNP. The papers, dealing with the respective topics are indicated 
 
64 
 
 
 
 
 
 
 
 
 
 
 
Advanced self-lubricating surfaces based on carbon nanoparticles 
Leander Reinert IV	
TABLE OF CONTENTS 
ACKNOWLEGEMENTS VI 
ZUSAMMENFASSUNG VIII 
ABSTRACT	 IX 
ABBREVATIONS AND SYMBOLS	 X 
1 MOTIVATION AND OBJECTIVES 1 
2 STATE OF THE ART 6 
2.1 Carbon nanoparticles (CNP)  6 
2.1.1 Nanodiamonds (ND) 8 
2.1.2 Onion-like carbon (OLC) 10 
2.1.3 Carbon nanotubes (CNT) 13 
2.1.4 Raman spectroscopy characterization of CNP 16 
2.2 Metal matrix composites (MMC) 22 
2.2.1 Blending, processing and microstructural tailoring  23 
2.2.2 CNP reinforced MMC  30 
2.3 Strategies to control friction and wear of surfaces 34 
2.3.1 Solid lubricants   38 
2.3.2 Surface topography designing 44 
2.4 Tribological application of CNP 48 
2.4.1 CNPs as solid lubricant 48 
2.4.2 CNP as protective coatings  53 
2.4.3 CNP as reinforcing phase in tribology of MMC 56	
3 OVERVIEW  61 
 	
Advanced self-lubricating surfaces based on carbon nanoparticles 
Leander Reinert V	
4 INCLUDED PAPERS 71 
0   Outline  71 
I  Dispersion analysis of carbon nanotubes, carbon onions, and  
  nanodiamonds for their application as reinforcement phase  
  in nickel matrix composites 
73 
II  In-situ nanodiamond to carbon onion transformation in metal matrix 
  composites 74 
III  Carbon Nanoparticle – Reinforced Metal Matrix Composites:  
  Microstructural Tailoring and Predictive Modeling 75 
IV  Tribo-Mechanisms of Carbon Nanotubes: Friction and Wear  
  Behavior of CNT-Reinforced Nickel Matrix Composites and  
  CNT-Coated Bulk Nickel  
76 
V  Long-lasting solid lubrication by CNT-coated patterned surfaces 77 
VI  Influence of surface roughness on the lubrication effect of carbon   
  nanoparticle- coated steel surfaces 78 
VII  Influence of surface design on the solid lubricity of carbon nanotubes- 
  coated steel surfaces 79 
VIII Tribological behavior of self-lubricating carbon nanoparticle  
  reinforced metal matrix composites 80 
IX  Dry friction and wear of self-lubricating carbon nanotube-containing 
  surfaces 81 
5 CONCLUSIONS AND OUTLOOK 82 
6 NOT INCLUDED PAPERS 86 
REFERENCES 87 
FIGURES  98 
	
 
 
Advanced self-lubricating surfaces based on carbon nanoparticles 
Leander Reinert VI	
ACKNOWLEDGEMENTS 
Thinking back to the time at the beginning of my PhD thesis, the overwhelming feeling of having 
finally graduated was linked to a motivated, but strange popular belief: I thought that a PhD thesis was 
the scientific output of a single person, based on their individual capabilities, with the aim of 
investigating something completely new. Hence, with the basic knowledge in material science and 
engineering from my studies, my plan was to find a “scientific gap” in literature and to develop a 
systematic and straightforward research plan with a tight schedule. Then, I would work on this plan 
until understanding the given problem in every little detail, presenting the final solution and complete 
my doctorate.  
…I was so wrong and have learned so much since then, including what a PhD thesis is truly about. 
However, one of the things that I learned the quickest, I owe to all the members of the chair of 
functional materials (FuWe): teamwork. This, among other things, is why I consider it my duty to thank 
and dedicate this section to several people who have supported and helped me stay on track and finally 
create a manuscript, which combines the findings of our research from the last years. 
First and foremost, I would like to thank my supervisor, Prof. Dr. Frank Mücklich, for providing the 
possibility to work at his institute, but also for his permanent support and his everlasting confidence in 
me. It was he who drew my attention to the field of materials science when I was still a pupil. I still 
remember his words during a visit to my former school: “If you can't decide whether to study physics, 
chemistry or mathematics, you should come and study materials science”. Since then, he accompanied 
me on my way from being a scientific assistant at his institute to becoming a doctoral candidate. Due to 
his open-mindedness, aside from my position as a PhD student, I also got the opportunity to work at the 
Material Engineering Center Saarland (MECS), gathering valuable experience working together with 
industry. I am proud to be a part of his research group. 
Also, I want to thank Prof. Dr. Dirk Bähre for being my scientific guide, for our fruitful discussions 
during my yearly progress reports and for his role as second reviewer of my thesis.  
Thinking about my colleagues, I am very lucky to be part of such a highly motivated and supportive 
team of researchers. Certainly, one of the persons that I owe the most to is Dr. Sebastian Suárez. The 
process of being a PhD student involves phases, which are dominated by self-doubt and the question 
“why am I doing all this”. I had never met a person as optimistic, motivating, idealistic and enthusiastic 
about scientific research as Seba. He helped me with almost daily motivating discussions, shared his 
experience as a post-doctoral researcher, assisted in countless experiments, gave me trust and 
friendship. I would like to express my deepest gratitude to you, Seba. 
Furthermore, I would like to thank the following people who have guided me on my way as a PhD 
student not only as colleagues, but also as friends, making everyday work a place to feel at home: 
Philipp Grützmacher, Prof. Dr. Andreas Rosenkranz, Prof. Dr. Carsten Gachot, Dominik Britz, Federico 
Advanced self-lubricating surfaces based on carbon nanoparticles 
Leander Reinert VII	
Lasserre, Christian Schäfer, Dr. Nicolas Souza, Daniel Müller, Timothy MacLucas and Sebastian 
Slawik. Prof. Dr. Rosenkranz, Dr. Suarez, Dr. Souza and Mr Grützmacher are especially appreciated for 
proofreading this dissertation. 
Additionally, my thanks go to all my other colleagues from FuWe as well as researchers of other 
institutes who gave me the opportunity to use their experimental equipment or to benefit from their 
knowledge in various experimental or simulation tasks. In this context, I would like to mention Prof. Dr. 
Volker Presser, Prof. Dr. Itzhak Green, Prof. Dr. Michael Varenberg, Dr. Frank Müller and Dr. Marco 
Zeiger amongst others. 
Almost half way through my PhD, my better half named Belinda came into my life. It was and still is 
such a good feeling to be supported and understood not only scientifically, but also emotionally. You 
are my daily constant and motivation, that makes even the worst day look better and I am very grateful 
for every single moment with you. 
Last but not least, I also want to thank my family, especially my mom and dad for their endless support, 
open ears and understanding during the last years. My family always encouraged and believed in me 
and I will treasure their support forever.  
 
 
 
 
 
 
 
 
 
 
Advanced self-lubricating surfaces based on carbon nanoparticles 
Leander Reinert VIII	
ZUSAMMENFASSUNG 
Diese Dissertation setzt sich zum Ziel, mittels neuartiger Festschmierstoffe (Kohlenstoff-
Nanopartikel (CNP)), deren Einsatz in einer geeigneten Materialklasse (Metall Matrix Komposite 
(MMC)) und der Entwicklung eines spezifischen Oberflächendesigns (mittels Laser-
Oberflächenstrukturierung) selbstschmierende Oberflächen herzustellen sowie die involvierten 
Mechanismen zu verstehen. Dies umfasst die vollständige Prozessentwicklung von der Synthese und 
Verarbeitung über die experimentelle Analyse und theoretische Modellierung, der Diskussion und 
dem Verständnis der Mechanismen bis hin zur Herstellung eines Prototyps. 
Von drei untersuchten CNP (zwiebelartiger Kohlenstoff, Nanodiamanten und Kohlenstoff-
Nanoröhrchen (CNT)) konnten CNT als geeigneter Festschmierstoff identifiziert werden. Dies ist auf 
ihr hohes Aspektverhältnis, Flexibilität sowie ihren Degradationsmechanismus zurückzuführen. Die 
kontinuierliche Versorgung des Kontaktes mit CNT ist durch deren elastische Kompression und 
Rückstellvermögen gewährleistet. Der entsprechende Degradationsmechanismus erlaubt eine 
effiziente Schmierung unabhängig von vorherrschender Luftfeuchtigkeit, Oberflächenrauheit, dem 
Belastungskollektiv und der Kontaktmechanik, was auf die Anpassungsfähigkeit der 
Schmierungsmechanismen (Rollen, Gleiten und Scheren) zurückzuführen ist. 
So konnten permanent selbstschmierende Oberflächen hergestellt werden, welche eine maximale 
Reduzierung von Reibung und Verschleiß um den Faktor 4 bzw. 115 ermöglichen. 
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ABSTRACT 
This dissertation deals with a new branch of solid lubricants (carbon nanoparticles (CNP)), their use 
in a suitable base-material (Metal Matrix Composites (MMC)) and the investigation of a specific 
surface design (processed by laser surface structuring) to create and understand self-lubricating 
surfaces. The dissertation covers the complete process development from the synthesis and 
processing, experimental analysis and theoretical modeling, discussion and understanding of 
involved mechanisms up to the production of a prototype. 
Out of three investigated CNP (onion-like carbon, nanodiamonds and carbon nanotubes (CNT)), 
CNT are identified as the most suitable solid lubricant for self-lubricating surfaces. In this regard, 
their large aspect ratio, flexibility as well as degradation mechanism are the most important aspects 
to consider. Being stored in a surface, CNT are continuously pulled into the contact by elastic 
compression and restoration. Due to their degradation mechanism, their lubrication activity is 
insensitive to variations in humidity, surface roughness, loading conditions and contact mechanics. 
The lubrication mechanisms of CNT adapt to the given situation by effectively combining different 
solid lubricant working principles, namely: rolling, sliding and shearing. 
As a result, permanent self-lubricating surfaces are successfully produced, allowing for a maximum 
reduction in friction and wear by a factor of 4 and 115, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
Advanced self-lubricating surfaces based on carbon nanoparticles 
Leander Reinert X	
ABBREVATIONS AND SYMBOLS 
a1, a2  Unit vectors IG  Intensity of G-band 
a-C  Amorphous carbon	 IG’  Intensity of G’-band 
a-C:H  Amorphous, hydrogenated DLC LA  Raman mode  
a-Si:O  Quartz-like network LO  Raman mode 
Ar  Real area of contact L  Normal load 
AFM  Atomic force microscopy LST  Laser surface texturing 
α  Pressure dependent shear strength λ  Wavelength 
bcc  Body centered cubic MEMS  Micro-electro mechanical systems 
CPS  Cold pressed sintering  MWCNT Multi-wall carbon nanotube/-s 
CSA  Chlorosulfonic acid MMC  Metal matrix composite/-s 
CNP  Carbon nanoparticle/-s µ  Friction coefficient 
CNT  Carbon nanotube/-s ND  Nanodiamond/-s 
COF  Coefficient of friction NC-graphite Nanocrystalline graphite 
CVD  Chemical vapor deposition OLC  Onion-like carbon 
Ch  Chiral vector P  Contact pressure 
DMF   Dimethylformamid  p  Structural periodicity 
DC   Direct current PTFE  Polytetrafluorethylene 
DLN  Diamond-like nanocomposite/-s  PE  Polyethylene 
D-band  A Raman mode RBM  Radial breathing mode 
D’-band  A Raman mode Rk  Core roughness 
DLIP  Direct laser interference patterning SEM  Scanning electron microscopy 
DLW  Direct laser writing SPS   Spark plasma sintering 
dt  Tube diameter SWCNT Single-wall carbon nanotubes 
DLC  Diamond-like carbon σ  Normal stress 
0-D  0-Dimensional ta-C  Tetragonal amorphous carbon 
EPD  Electrophoretic deposition ta-c:H  Hydrogenated ta-C 
fcc  Face centered cubic TEM  Transmission electron microscopy 
F  Friction force TNT  Trinitrotoluol 
FIB  Focused ion beam TMD  Transition metal dichalcogenide/-s 
FWHM  Full width at half maximum T  Tube-axis 
G-band  A Raman mode !!  Shear strength  
G’-band  A Raman mode !!  Interfacial shear strength 
HUP   Hot uniaxial pressing (HUP) !  Shear stress 
HPT   High pressure torsion  UV  Ultraviolet 
HIP  Hot isostatic pressing  vol.-%  Volume-% 
IF  Inorganic fullerene/-s XCG  G-band center position 
ID  Intensity of D-band XPS  X-ray photoelectron spectroscopy 
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1. MOTIVATION AND OBJECTIVES 
Tribology is defined as the science of interacting surfaces in relative motion and all practices related 
thereto. It includes the study of wear, friction and lubrication and ranges from spacecraft to 
household appliances or even the human body [1,2]. Thus, understanding and tailoring the tribological 
properties of mechanical systems has been and still is a vastly studied field of research.  
Nowadays, friction and wear are recognized as having a major influence on the efficiency and 
lifetime of machinery and thus, determine the economic viability of a product to a great extent [3–6]. 
This fact is clearly exemplified by an average passenger car spending about one third of its total fuel 
energy on friction and wear [3]. In nearly every technical application, transmitting kinetic/mechanical 
energy from its source to the desired application area is realized by the interaction of at least two 
surfaces. Aside from certain applications where high friction is desirable (e.g. for automotive brakes 
or clutches[7,8]), the intention is to reduce friction and wear to a minimal level (e.g. for bearings). This 
can be accomplished by tribological optimization of the lubrication [9], surface design [10] and base 
materials [11].  
Certainly, the simplest and most effective way to reduce friction and wear is to use a suitable 
lubricant. For a wide range of applications, a liquid lubricant is used (e.g. oil), which tunes the 
separation of the contacting surfaces as a function of the applied normal load, sliding speed as well 
as oil viscosity, thus affecting friction and wear [12]. However, for some applications, the use of solid 
instead of liquid lubricants can be advantageous or unavoidable, for example, in cases of harsh 
environmental conditions such as high temperature ranges (e.g. kiln truck bearings) or high vacuum 
(e.g. spaceflight applications) [13–15]. There is a variety of different solid lubricants such as MoS2, 
WS2, graphite, lubricious oxides, diamond-like carbon (DLC), certain polymers or soft metal 
coatings, all of which are limited in their range of application [13]. Even though they can be very 
effective under certain conditions, they typically fail in one or several of the following requirements, 
namely: insensitivity to operational environments including low chemical reactivity (oxidation or 
formation of unwanted by-products), easy replenishment, capability to dissipate generated heat, 
constant lubrication, aging stability or adhesion [13,16]. For example, MoS2 is often used in 
applications working under vacuum or inert gas, since it reacts with oxygen in atmospheric 
environments thus losing its ability to lubricate [13]. In contrast, graphite particularly shows efficient 
lubrication under moderate to high relative humidity. In the case of low relative humidity or vacuum, 
a high coefficient of friction (COF > 0.5) is observed as its lubrication mechanism relies on the 
intercalation of water molecules between consecutive graphene layers [17].   
Nevertheless, today's technical applications demand an ever greater degree of robustness and 
insensitivity with regard to environmental and loading conditions in the use of solid lubricants [18,19]. 
For example in spacecraft, satellites or satellite launch vehicles wait for extended periods of time in 
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humid environments before starting, after which they must work under vacuum conditions. For this 
reason, solid lubricants must be developed that adapt to changing environmental or loading 
conditions while still reliably lubricating the mechanical components of a system [20]. 
Regarding the used base material, especially in the field of dry friction, the mechanical and chemical 
properties of the contacting surfaces are of utmost importance.	One way to tailor these is by using 
metal matrix composites (MMC), with the metal matrix most often being reinforced by a non-
metallic phase. The properties of MMC can be designed to fit the requirements of an intended 
application (e.g. light weight but high strength). They are often employed as structural and functional 
materials such as fiber-reinforced pistons, aluminum crankcases with strengthened cylinder surfaces 
or particle-strengthened brake discs, in the automotive or aerospace sectors. MMC are also broadly 
found in wear-resistant or friction-reducing sliding contact materials in bearings and pistons or 
cylinder liners in engines [21–26]. This is not only due to the fact that the microstructure of MMC, and 
thus their mechanical properties, can be controlled by the processing parameters and the 
reinforcement phase, but also because lubricants (such as graphite) can be used as reinforcement 
phase in order to obtain self-lubricating materials [22].  
In this regard, using a solid lubricant as reinforcement phase can overcome some drawbacks of solid 
lubricant coatings, such as limited lifetime, difficult replenishment, oxidation, aging-related 
degradation or poor adhesion [16]. Not only can MMC be used as a bulk self-lubricating material but 
there are also several ways to apply MMC as surface coating, rendering this method to create self-
lubricating materials a very versatile technique, which could be used for many different substrate 
materials and applications [27–30]. However, a significant disadvantage arises when using rather soft, 
easy to shear solid lubricants such as graphite in MMC, namely poor mechanical properties. These 
composites sometimes have even lower mechanical properties than the unreinforced alloy [16]. In this 
regard, the tendency is to reduce the reinforcement material’s size to the nano range, allowing for a 
fine and homogeneous reinforcement distribution. This could possibly resolve some of the 
limitations such as poor ductility, machinability and reduced fracture toughness [16]. 
In recent years, carbon nanoparticles (CNP) have arisen as promising candidates to reduce friction 
and wear under various operational environments, which is ascribed to their intrinsic mechanical 
properties, chemical inertness, thermal stability as well as atomic structure and morphology [31–36]. 
Several works report on the friction and wear-reducing effects of the particles when used as solid 
lubricant coating or as reinforcement phase in composite materials [29,35–47]. However, the underlying 
lubrication mechanisms of the particles are still a matter of debate and thus the potential lubricating 
effects may not be fully exploited. The present thesis focuses on three CNP in particular: Multi-wall 
carbon nanotubes (MWCNT), onion-like carbon (OLC) and nanodiamonds (ND). MWCNT consist 
of multiple, hollow graphitic shells (sp2-hybridized carbon atoms), providing a tube-like form with a 
very high aspect ratio[48,49]. OLC, also known as carbon onions, show the same hybridization and a 
similar graphitic shell-like structure, but with a spheroidal particle morphology[50]. Finally, with a 
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particle morphology similar to OLC, ND provide a diamond atomic structure with sp3-hybridized 
carbon atoms [33]. These three different types of CNP are chosen intentionally since they can be 
systematically distinguished. A systematic investigation of the lubrication mechanisms of different 
CNP and lubrication requirements in the same tribological system has not been done before in 
literature, although it would allow for a more in depth understanding of the mechanisms involved. 
When designing self-lubricating surfaces and addressing the used lubricant and base material, the 
impact of the surface design should also be explored, since surface topography and chemistry have a 
major influence on the contact mechanics, and consequently, the occurring wear mechanisms. From 
various techniques to create well-defined surface designs such as honing, blasting, micro coining or 
lithography, laser surface texturing (LST) and in particular Direct Laser Interference Patterning 
(DLIP) have shown to be suitable, cost and time-efficient approaches [10,51]. In addition to reducing 
the real contact area and trapping abrasive wear debris, created surface depressions can act as storage 
for liquid and solid lubricants, thus continuously supplying the contact region with lubricant [52,53]. 
Additionally, the ability to systematically vary the surface design allows for a more in-depth 
understanding of the occurring lubrication mechanisms. For this reason, laser surface texturing is 
proposed in the present dissertation as a tool to create self-lubricating surfaces and to understand the 
influence of the surface design on the lubrication mechanism of CNP. 
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The development route of the present dissertation is schematically presented in Fig. 1. 
	
Figure 1: Schematic of the development route of the present dissertation 
In summary, the present dissertation deals with an emerging branch of solid lubricants (CNP), their use 
in a suitable base material (MMC) with a specific surface design (using LST), thus addressing the three 
most important points for the development and understanding of self-lubricating surfaces based on CNP. 
The dissertation covers the complete process development to create these surfaces from the synthesis 
and processing, experimental and theoretical modeling, discussion and understanding of effects and 
mechanisms up to the production of a prototypical component, which should be suitable for permanent 
self-lubricating unidirectional sliding. In particular and based on the schematic in Fig. 1, the following 
three objectives should be met: 
OBJECTIVE 1 
The first objective of this dissertation is to find a CNP dispersion and MMC processing method that 
enables a uniform production of CNP-reinforced MMC. This method should avoid particle 
functionalization, minimize particle degradation and enable a fine and homogeneous particle 
distribution within the resulting MMC. In addition, the method must allow for full process control so 
that a model can be established, which predicts the final microstructure of the manufactured 
composites. 
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OBJECTIVE 2 
The second objective is to understand the intrinsic lubrication mechanisms of CNP and the different 
tribological influences involved when using them as a lubricant in MMC or as a coating. For this 
purpose, the tribological properties of CNP-coated surfaces must be investigated and compared to 
CNP-reinforced surfaces. In this regard, influences of the microstructure, lubricant storage, surface 
roughness and design, degradation mechanisms, size/morphology of CNP and stress collective have 
to be carefully evaluated, compared and discussed. Based on these findings and the resulting contact 
mechanics, the question must finally be answered as to which CNP is best suited for the intended 
purpose of the self-lubricating surfaces. 
 
OBJECTIVE 3 
A prototypical component must be produced and tailored to combine all the positive findings of 
objective 1 and 2. The prototype should be tested under conformal contact situation, comparable to 
the situation of a bearing subjected to unidirectional sliding, providing a constantly decreased 
friction and wear under steady-state conditions.  
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2. STATE OF THE ART 
2.1 Carbon nanoparticles (CNP) 
Carbon is a very versatile element and can be found in great abundance on our planet. With an 
atomic electron configuration of six electrons (two in the 1s orbital, two in the 2s orbital and two in 
the 2p orbital), carbon materials can be classified into two main groups, depending on the energetic 
state of the carbon bonding, called hybridization. The first and most stable carbon allotrope is 
graphite, possessing an sp2-hybridization, the ground state phase of carbon under standard 
temperature and pressure. Under high pressure (several GPa), graphite transforms to diamond, 
resulting in sp3-hybridization of the carbon atoms [54]. 
In the case of graphite, each carbon atom is covalently bonded to three other carbon atoms, through 
its three coplanar sp2 orbitals, forming σ-bonds, and orthogonal p orbital, forming a π-bond. The 
latter produces what is considered as an electron cloud (delocalized electrons), similar to what is 
observed in metals. Structurally, graphite presents a layered structure consisting of several stacked 
planar single layers (called graphene) that are interconnected by weak Van-der-Waals interactions. In 
contrast, the diamond structure is characterized by a fourfold covalent bonding (four sp3 orbitals) of 
the carbon atoms with a tetrahedral symmetry (109.5°) [54,55]. The graphite and diamond bonding 
structure is depicted in Fig. 2. 
 
Figure 2: a) Bonding structure of graphite and b) diamond. 
Based on these two principal carbon modifications, a large variety of carbon materials and recently 
carbon nanomaterials have been developed. A material is generally considered a nanomaterial if at 
least one internal or external spatial dimension is in the nm scale (up to 100 nm) [56]. In addition of 
being distinguished by their carbon hybridization, carbon nanomaterials are usually classified as 0-D, 
1-D, 2D and 3-D materials according to their properties and their morphology (flatness, sphericity). 
Fig. 3 gives a brief overview of a selection of currently known sp2-hybridized carbon nanomaterials 
[57].  
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Figure 3: Selection of currently known forms of sp2-hybridized carbon nanomaterials. 
 a) C60: Buckmisterfullerene, b) carbon onion, c) carbon nanotube, d) nanocone/horn, e) nanotoroid, f) 
graphene, g) graphite, h) haeckelite surface, i) graphene nanoribbon, j) graphene cluster, k) helicoidal carbon 
nanotube, l) short carbon chain, m) schwarzite crystal, n) carbon nanofoam, o) nanotube network, p) 
nanoribbon network [57]. 
 
In this context, dimensionality determines the number of principal directions in which the 
nanomaterials are expanded. Thus, spheroidal nanoparticles (e.g. carbon onions in Fig. 3 b) are often 
referred to as 0-D nanoparticles, whereas cylindrical nanoparticles (e.g. carbon nanotubes in Fig. 3 
c) are denoted as 1-D nanoparticles. Especially in the cases of 0-D and 1-D carbon nanomaterials, a 
defect formation in the atomic structure is often observed since the curvature of these structures is 
extremely high. For example, a possible defect in a sp2-hybridized carbon nanomaterial could be a 
pentagonal carbon bonding (instead of hexagonal), a crystal boundary in polycrystalline graphite or 
simply dangling bonds of the aromatic system [58]. Specifically, the pentagonal defects are often 
needed in order to form closed spherical or tube-like morphologies in the nanometer scale.  
Since carbon can exist in a vast variety of different configurations, new nano-carbon modifications 
are constantly being discovered and the same modification is sometimes given different names by 
different works for different applications, which indeed makes it hard to compare the modifications 
in an objective way [59]. A general overview about carbon nanomaterials is given by Gogotsi and 
Presser [31]. 
However, for tribological applications and thus the intended use in this dissertation, 0-D or 1-D 
carbon nanoparticles (CNP) in particular have been highlighted in recent years, providing promising 
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properties to act as solid lubricants in mechanically loaded contacts. This fact is mainly due to their 
morphology (spheroidal or tubular shape) and their high chemical and mechanical stability, which is 
why they are often said to potentially act as nano ball- or roller bearings [31,34,60]. Nonetheless, since 
this hypothesis has not yet been thoroughly verified and the potential lubrication mechanisms of the 
particles are not yet understood, one objective of the present dissertation is the systematic 
investigation and analysis of these mechanisms.  
For this purpose, three different CNP were chosen in order to represent 0-D and 1-D CNP as well as 
both carbon hybridization states (sp2 and sp3). These are nanodiamonds, carbon onions and carbon 
nanotubes, described in more detail in the following sections.  
2.1.1 Nanodiamonds (ND) 
Nanodiamonds (ND) are spherical nanoparticles (diameter of typically 2-10 nm) with a predominant 
sp3 carbon hybridization and a diamond lattice constant of 0.35 nm. Within their most interesting 
characteristics, they have shown remarkable biocompatibility, chemical stability, mechanical and 
optical properties [33]. Although already discovered in the 1960s by a detonation reaction, the interest 
in these particles did not grow until the beginning of the 1990s [61]. Since then, they have received 
increasing attention in numerous research fields such as: tribology [62], drug delivery [63], bioimaging 
[64] or tissue engineering [65].  
Nowadays, an abundance of methods is available for their production, including laser ablation [66], 
high energy ball milling of high pressure, high temperature diamond microcrystals [67] as well as the 
detonation technique [68]. Since the ND used in this dissertation were synthesized via detonation, this 
method is described in more detail in the following. The basic atomic structure of a common single 
nanodiamond particle is shown schematically in Fig. 4. 
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Figure 4: Schematic representation of the most common atomic structure of a single nanodiamond particle. 
The grey-colored, highly ordered structures correspond to the sp3-hybridized, diamond carbon bonding. In 
black, aromatic structures of sp2-hybridized carbon are visible which terminate the surface of the nanodiamond. 
Additionally, oxygen- and nitrogen-containing functional groups are depicted (red and blue, respectively) as 
well as hydrocarbon chains (green) or hydrogen terminations (white) [33].  
 
The grey-colored, highly ordered structures represent the sp3-hybridized carbon bonding and form 
the core of the particle. In order to remain stable under ambient conditions, the outer shell of the 
particle must either be terminated by functional groups (e.g. oxygen- or nitrogen-containing groups) 
or sp2-hybridized carbon structures of graphitic or amorphous nature. This becomes evident when 
looking at the phase diagram of nano-carbon in Fig. 5 (a), which can also be used as starting point 
for explaining the basic principle of detonation synthesis.  
The phase diagram shows that the most stable phase of carbon under standard pressure and 
temperature is graphite, which becomes even more significant for nanoscale carbon as indicated with 
the blue lines. For detonation synthesis, explosives with a negative oxygen balance (e.g. a mixture of 
trinitrotoluol (TNT) and hexogen) are detonated within a closed chamber containing N2, CO2 and 
H2O. The generated shock wave leads to a raise in pressure and temperature, reaching the Jouguet 
point (point A in Fig. 5 (a) or red dashed line in Fig. 5 (b)) and to the formation of liquid nano-
carbon as also schematically illustrated in areas III to VI of Fig. 5 (b) [69]. 
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Figure 5: a) Phase diagram of carbon as a function of pressure and temperature with blue lines inserted for 
nanomaterials. b) Scheme of the shock wave evolution in the detonation synthesis of nanodiamonds, showing 
(I) shock wave front, (II) zone of chemical reaction, (III) Chapman-Jougout plane (corresponding to point A in 
the phase diagram, (IV and V) detonation products, (VI) formation of liquid droplets and finally, (VII) 
crystallization process towards the formation of nanodiamonds [33].  
 
With decreasing temperature and pressure, the liquid carbon solidifies and crystallizes into highly 
ordered diamond structures until reaching the diamond-graphite equilibrium line, from which the 
termination of the diamond shell with graphitic structures starts to occur [33]. Subsequently, the 
formed detonation soot must be purified by liquid oxidants (e.g. HNO3, HCl) or oxidized in air at 
elevated temperatures in order to remove non-carbonaceous impurities [69,70]. 
With regard to the predominant sp3 carbon core hybridization, ND inherits most of its properties 
from the well-known macroscale diamond with a Young’s modulus of 1000 GPa, a Vickers hardness 
of 10000 HV and a thermal conductivity of 2200 W m-1 K-1 [71]. Nevertheless, the surface of a ND, 
which is enclosed by sp2-hybridized carbon and functional groups, can be further chemically 
functionalized in several different ways, resulting in a wide range of potential applications for ND 
[72]. For further information, an extensive overview of the structure, properties and applications of 
ND is given by Mochalin et al. [33].  
2.1.2 Onion-like carbon (OLC) 
Onion-like carbon, also called carbon onions, are spheroidal, fullerene-like carbon nanoparticles 
(diameter of typically 5-10 nm), possessing a concentric, multi-shell configuration with an 
equilibrium interlayer spacing of 0.34 nm and predominant sp2 carbon hybridization (Fig. 6) [73,74]. 
Typically, these structures are highly defective, since hexagonal (aromatic) carbon bonding is not 
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enough to build a closed, spherical carbon shell. Main features of OLC are their high mechanical 
stability [31], very large surface area as well as high electrical conductivity (2-4 S cm-1) [73,75]. 	
 
Figure 6: a) Transmission electron micrograph of OLC, presenting the layered, onion-like morphology of the 
particle. b) Schematic of a defect-free, single OLC particle, showing the typical aromatic carbon multi-shell 
structure of sp2-hybridized carbon rings [74]. 
 
S. Iijima first discovered carbon onions in 1980 as a byproduct of carbon black synthesis [76]. 12 
years later, D. Ugarte was able to observe and understand the formation of OLC in situ by focusing 
an electron beam on carbon soot [77]. Since then, OLC were investigated for various potential 
applications ranging from tribology [36], over bioimaging [78] to batteries [79] and supercapacitors [73]. 
Despite other methods for OLC synthesis (e.g. arc discharge of graphite in liquids [80] or combustion 
of naphthalene [81] and many more), vacuum and inert gas annealing of nanodiamond precursors have 
turned out to be the most extended approaches of large scale OLC production nowadays [75,82]. 
Generally, the type of precursor and the synthesis conditions strongly influence the final OLC 
morphology and size (up to 100 nm in diameter possible). However, using the thermal annealing 
technique, very high purity OLC with typical sizes between 5 to 10 nm (high material homogeneity) 
are achieved at a relatively low price [73]. Since the OLC used in this dissertation were produced 
using this technique, the basic thermally induced transformation process of ND towards OLC is 
depicted in Fig. 7. 
The annealing process of ND allows for the precise tuning of the carbon sp2 to sp3-hybridization ratio 
as a function of the temperature. The transformation of a ND begins at the outer shell of the particle 
and continues stepwise to the particle core. At first, desorption of water and detachment of oxygen-
containing functional groups on the ND surface are observed for temperatures up to 200°C [83]. This 
is followed by the detachment of surface functional groups and the subsequent emission of CO and 
CO2, which leads to the formation and subsequent recombination of dangling bonds, thus starting to 
form the typical sp2 related π-bonds at around 700-800°C. 
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Figure 7: Schematic transformation process of ND to OLC as a function of temperature with corresponding 
TEM micrographs exemplifying the transformation stages. Variations in the individual stages can occur since 
the transformation process also depends on the used environmental conditions (inert gas or vacuum) and the 
nanodiamond precursor size [73,84]. 
 
Graphitization of the ND proceeds with increasing temperature, still providing a diamond inner core, 
until finally fully transformed and highly ordered carbon onions are built at temperatures higher than 
1700°C [85,86]. This is due to the fact that the high stability of the inner diamond core is usually 
associated to the buildup of internal pressure, as a consequence of the atomic rearrangement of the 
outer shell. During this process, the volume of the particles is enlarged with ND and OLC providing 
a density of 3.3 g cm-3 and 1.9 g cm-3, respectively.	Since OLC are closed, mainly sp2-hybridized 
carbon structures, it is believed that they possess very high mechanical strength [31,36].	For more 
detailed information on OLC synthesis and applications, please refer to the review articles of 
Bartelmess et al. [75] or Zeiger et al. [73]. 
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2.1.3 Carbon nanotubes (CNT)  
Carbon nanotubes were discovered by Iijima [48] in 1991 and have experienced an increasing interest 
in research since then. CNTs are tube-like CNP with a very high aspect ratio (tube length to diameter 
ratio, roughly in the range of 1000/1), consisting of highly crystalline sp2-hybridized aromatic carbon 
rings. Morphologically, a CNT can be imagined as a rolled graphene layer forming a hollow cylinder 
with half fullerenes capping the ends [87]. Theoretically, the particles possess superior mechanical, 
thermal, and electrical properties and found numerous potential applications such as in tribology, for 
structural composites, energy transfer and storage [31,88–91].  
Generally, one can distinguish between a single-wall CNT (SWCNT) and a multi-wall CNT 
(MWCNT). A schematic is given in Fig. 8. 
 
Figure 8: Schematic of a) single-wall CNT and b) multi-wall CNT with an intertubular lattice spacing of 0.34 
nm. Modified from [92]. 
 
MWCNT consist of several concentrically arranged SWCNT with an equilibrium interlayer distance 
of around 0.34 nm [93]. The resulting diameter of a MWCNT is a function of the number of walls and 
typically ranges from 5-100 nm [94]. The physical properties of different CNT can vary significantly, 
which is why their atomic structure has to be considered in more detail. A graphene layer could be 
“rolled” in different ways, resulting in a wide variety of CNT chiralities. The chirality map (Fig. 9) is 
based on a planar graphene sheet with hexagonally bonded carbon atoms. Due to the system’s 
symmetry, a 30° wedge of possible different rolling directions can be defined. Within this wedge, a 
chiral vector Ch is given as a multiple (n,m) of two unit directions (a1, a2) of the hexagonal cells. It 
connects the origin atom with another atom, defining the connection point of the rolled graphene 
sheet and thus the chirality of the CNT. With its vector norm, the circumference of the tube is given 
as well. The normal of this vector is the tube-axis T and the tube diameter dt can be geometrically 
calculated, assuming that the tube is perfectly round [87].  
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Figure 9: A chirality map is shown, presenting a 30° wedge of a graphene sheet. The chiral vector Ch with the 
coordinate system being described by the unit vectors (a1, a2), the tube axis T and the tube diameter dt are 
presented and schematically illustrated. A color coding describes the electrical behavior of the SWCNT as a 
function of the integers of Ch [92]. 
 
Derived from this chirality map, three principal configurations can be distinguished: A “zigzag” 
configuration is given for (n, 0), an n=m configuration is called “armchair” and anything in between 
the two is denoted “chiral”. It is found that the properties of the SWCNT, for example the electronic 
properties (metallic, semi-metallic or semiconducting) are strongly related to their chiral vector [95]. 
The physical properties of SWCNT compared to MWCNT also differ significantly. Although no 
consensus has been reported in the literature, both can show a remarkable Young’s modulus of up to 
1 TPa [96]. However, the axial tensile strength or thermal conductivity, for example, reach values of 
20-30 GPa and 6600 W m-1 K-1 for SWCNT and 150 GPa and 3000 W m-1 K-1 for MWCNT, 
respectively [97–100]. In this context, CNT are known to provide extraordinarily high specific stiffness 
and strength (Young’s modulus or strength normalized by the density, respectively), resulting in a 
lightweight material, but possessing better mechanical properties than any structural material used 
nowadays. This is related to the presence of axial σ-bonds, regarded as the strongest bonds in nature 
[101]. Furthermore, a CNT can be bent and coiled without breaking, additionally allowing for almost 
full elastic restoration [102]. These properties make CNT particularly attractive as a reinforcing phase 
in composite materials with the aim of transferring their intrinsic properties to a macroscopic 
material. 
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Nevertheless, these outstanding physical properties described in literature would only be realizable 
for CNT in a “perfect” structural s well as deagglomerated state. This means that no structural 
defects in the carbon lattice and no exo- or endohedral contaminants should be present. Furthermore, 
it is well known that CNT tend to form large agglomerates of multiple entangled tubes due to their 
large aspect ratio and strong electromagnetic interactions. These interactions are caused by the 
delocalized π electron clouds, which allow for the spontaneous formation of dipoles and thus 
attractive Van der Waals forces. All of these requirements have been very challenging in CNT 
synthesis and processing during the last decades [103]. 
Regarding the CNT synthesis, the most commonly used methods are chemical vapor deposition 
(CVD), arc discharge and laser ablation [104,105].	Among those, CVD synthesis can be easily scaled to 
industrial quantities and provides good control over the morphology of the obtained CNT. The 
MWCNT that have been used in the present dissertation were produced by CVD, and thus this 
specific synthesis method is described in more detail. The CNT growth mechanisms in a CVD 
synthesis process are presented schematically in Fig. 10. 
 
Figure 10: Growth mechanism of CNT in a CVD process showing a) the tip-growth model and b) the base 
growth model at different stages [106]. 
 
CVD, particularly catalytic CVD, is usually done in a fluidized bed with organometallics as catalysts 
(e.g. ferrocene) [107–109] or by thermal decomposition of a hydrocarbon gas (e.g. methane, ethylene, 
benzene) in the presence of a metal catalyst (e.g. Ni, Co, Fe). In the second case, a hydrocarbon gas 
(CxHx in Fig. 10) is passed through a reactor containing a heated metal catalyst (600-1200°C) on 
which CNT start to grow. As soon as the hydrocarbon vapor gets in contact with the hot metal 
catalyst, it decomposes into carbon and hydrogen with carbon subsequently being dissolved into the 
metal. After reaching the carbon solubility limit (or even beyond that limit), carbon precipitates are 
formed, crystallizing to a cylindrical network with no dangling bonds. The interplay of exothermal 
decomposition of hydrocarbon and endothermal carbon crystallization keeps the process running. 
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Two basic models are distinguished, depending on the metal catalyst to substrate material 
interaction. If the interaction is weak, carbon diffuses to the bottom of the catalyst where it 
crystallizes and pushes the metal particle off the substrate. This process continues until the top 
surface of the particle is fully covered with excess carbon. This model is called “tip-growth model” 
and is schematically presented in Fig 10 (a). In the case of the second model, the “base growth 
model” (Fig. 10 (b)), the catalyst-substrate interaction is strong, thus the crystallizing carbon growth 
on top of the metal particle, first forming a hemispherical dome which is then extended with the form 
of a graphitic cylinder. Both, SWCNT as well as MWCNT can be produced using this method, 
mainly depending on the metal catalyst particle size and type. For example, for very small particles 
(few tens of nm in diameter), SWCNT formation is expected whereas for larger particles, MWCNT 
formation is favored. However, CNT synthesis depends on many more parameters such as the used 
hydrocarbon, catalyst, pressure, temperature, gas-flow rate, deposition time and reactor geometry. A 
good overview of CVD synthesis of CNT is given by Kumar et al. [106], whereas a general 
introduction towards other synthesis methods is provided by Mubarak et al [110]. 
2.1.4 Raman spectroscopy characterization of CNP  
After having introduced different CNP, it becomes evident that their atomic structure and 
morphology is the key to their physical properties. Hence, characterizing these features is essential 
when processing the particles to use them for a specific application. Various techniques have been 
proposed to characterize CNP (e.g. X-ray photoelectron spectroscopy (XPS), transmission electron 
microscopy (TEM), etc.) [87]. Even though all of these methods are very useful and irreplaceable 
tools in their particular way, one quick but still precise method for advanced CNP characterization 
stands out: Raman spectroscopy [111]. However, the intention of the following section is not to 
introduce Raman spectroscopy as a method, but rather to give a short introduction to the state of the 
art in using this technique for characterization of sp2 and sp3 carbon structures. For a more general 
approach and an introduction to Raman spectroscopy, please refer to Gardiner and Graves [112]. 
In Raman spectroscopy, excitation of the atomic structures is typically done with a monochromatic 
light source (laser) of specific known energy (wavelength). This being said, the first difference 
between sp2- and sp3-hybridized carbon structures must be discussed, which is that sp2 domains with 
their characteristic π-bonding are up to 230 times more sensitive to visible light excitation compared 
to those with sp3 hybridization [113–115]. This has been related to differences in the Raman cross-
sections based on calculations of Loudon [116]. An ultraviolet (UV)-laser with a wavelength of 244 
nm produces a radiation energy of 5.08 eV, which is close to the energy band gap between electronic 
states of the σ bonds, for example in diamond (5.47 eV). This fact allows for near-resonance 
conditions, which enhance the Raman signal [114]. In contrast, green laser light (wavelength of 514.5 
nm) produces a radiation energy of only 2.41 eV, being far from resonance. 
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Analyzing an sp2-hybridized nano-graphite sample using a green laser and looking at its typical 
Raman spectrum in Fig. 11, the main characteristic bands of graphitic carbon can be found. These 
Raman bands are the so-called D, G, D’ and G’ band [117]. 
 
Figure 11: a) Raman spectrum of a nano-graphite sample including the main characteristic peaks for a Raman 
analysis of graphitic carbon (except for *, which is a Raman mode of N2 gas and was present recording the 
spectrum). The excitation wavelength was 514.5 nm. Furthermore, schematics illustrating the vibrational 
modes of the carbon lattice corresponding to b) the G-mode and c) the D-mode are added. Modified from 
[115,117]. 
 
Starting off with the most pronounced peak in Fig. 11 (a), the G-band at around 1580 cm-1 is the 
most representative band for sp2-hybridized carbon structures. If this peak is observed, sp2 carbon 
networks are present. The G-band is generated by tangential vibrations of sp2 carbon atom chains, 
not requiring the presence of six fold carbon rings (Fig. 11 (b)) and its width can be used to describe 
the degree of crystallinity of the sample [58,118]. However, nearly all graphite materials show some 
defects. Thus, the D-band (1350 cm-1) as well as the D’-band (1620 cm-1) are assigned to the 
presence of disorder. The intensity of the D-peak can be attributed to the number of defects or 
impurities whereas its width is correlated to the variety of impurities present [119]. The D-band arises 
by radial breathing of the hexagonal carbon lattice (Fig. 11 (c)), which is forbidden in a perfect 
single crystal graphitic lattice and only becomes active in the presence of disorder [115]. 
The peak with the second highest intensity in Fig. 11 (a) corresponds to the G’-band and is found at 
around 2700 cm-1. It originates from a two-phonon, second order scattering process, the name being 
misleading as it is not related to the G band, but is a harmonic of the D-band [120]. Although related to 
the D-band, it is insensitive to defects of the graphitic structure and indicative for the long-range 
order of the structures. This is evident as with less ordering of the structure, coupling of the atoms 
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ceases, which would be necessary for a two-phonon process [120]. Thus, highly crystalline carbon 
structures with long-range order typically show a very pronounced G’-band intensity. 
Other peaks (e.g. RBM, LA, LO etc.) also contribute to the Raman spectra of certain graphitic 
structures and allow for their distinction [119]. However, the above-mentioned are present for sp2 
carbon structures and are thus commonly used for their structural integrity assessment (quality 
control). For a more in-depth analysis of all the bands and modes involved in the Raman spectrum of 
graphitic carbon, please refer to Dresselhaus et al. [119] and Pimenta et al. [117] 
Since Raman spectroscopy is a volume-sensitive technique, absolute intensities must not be used for 
a quantitative comparison. Instead, intensity ratios, such as the ID/IG, or the IG’/ID ratio are widely 
accepted with the first one known as the defect index and the latter one as purity index. In this 
regard, the intensity ratios of the maximum peak intensities or the ratios of the integral peak intensity 
may be used. In the case of using the integral peak intensity, the full width at half maximum 
(FWHM) of the peaks, being related to the crystallinity of the analyzed graphitic carbon structure [85], 
is included in the analysis. A lower FWHM typically means that a higher crystallinity of the carbon 
structure is present, since the energy differences of the resonance are small [121]. However, both 
approaches regarding the evaluation of intensity ratios for a Raman analysis of carbon structures are 
accepted in literature and provide the same tendencies [50].  
The defect index (whether determined by maximum intensity or integral intensity ratio) is associated 
with the amount and density of structural defects in the graphitic lattice. The early work of Tuinstra 
and König [122] in 1970 already noticed the inverse proportional correlation of the defect index and 
the crystal domain size La. However, 36 years later, it was the work of Cançado et al. [123] providing a 
general equation for a quantitative correlation of these parameters as a function of the used laser 
excitation wavelength (see equation 1). Using this equation, the coherent diffraction domain 
size/mean defect-to-defect distance can be calculated. 
!! = (2.4 ∙ 10!!")!!"#$%! ∙ !!!! !! (1) 
Regarding the purity index, DiLeo et al. [120] were the first to come up with a quantification of the 
purity of MWCNT based on the IG’/ID intensity ratio. They used Raman spectroscopy to measure 
previously prepared MWCNT containing varying, known amounts of carbonaceous by-products, 
successively decreasing the MWCNT purity. The correlation of the intensity ratios ID/IG, IG’/IG and 
IG’/ID showed, that the IG’/ID ratio is in very close correlation to the purity level of the measured 
MWCNT and thus, a purity quantification using this ratio became possible. Other works also refer to 
the mentioned intensity ratios, such as the work of Ferrari and Robertson [115].  They proposed a 
three-stage phenomenological amorphization trajectory model, describing the degradation of highly 
crystalline graphitic carbon towards amorphous carbon. The model is based on an interpretation of 
the defect index but also on the wavenumber of the G-band position (XCG), as shown in Fig. 12.  
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Figure 12: Phenomenological three-stage amorphization model of crystalline graphite towards tetrahedral 
amorphous carbon. The model also allows for a quantification of sp3 carbon as a function of the defect index 
and the G-band position. First, nanocrystalline graphite is formed before the amorphization towards amorphous 
carbon (a-C) and finally tetragonal amorphous carbon (ta-C) proceeds. Modified from [115]. 
 
It was observed, that the G-band	shift in highly crystalline graphite derives from the appearance of 
the disorder-induced D’-band at 1620 cm-1, which convolutes with the G peak for small crystallites. 
Fitting of the G-peak thus results in a net increase in the G-band position. With the defect index 
vastly increasing at the same time, it is concluded, that a transition from monocrystalline to 
polycrystalline structures occurs [115]. 
In stage two, XCG decreases from 1600 cm-1 to 1510 cm-1 with the defect index approaching a value 
of 0 at the same time, indicating strongly distortional carbon structures providing no long-range 
order. Hence this stage represents the transition from nanocrystalline graphite to amorphous, mainly 
sp2 carbon structures. In stage 3, passing from a-C (amorphous carbon) to ta-C (tetragonal 
amorphous carbon) involves a rise in sp3 content from 10–20 % to 85 % and a gradual change of 
carbon hexagonal rings to tetragonal chains [115].  
With regard to CNP, for high purity, highly crystalline CNT, the above-described methods can be 
used for a structural characterization. Detailed analysis and explanation of all the Raman peaks in the 
spectrum of CNT can be found in Dresselhaus et al. [119]. In contrast to CNT, OLC are already highly 
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defective in their pristine state. Additionally, with the particles being only 5 – 10 nm in size, 
analyzing long-range order of graphitic carbon networks indeed becomes non-trivial. Nonetheless, 
since OLC are derived from ND, large amounts of information can be derived when analyzing the 
structural transformation process of ND to OLC using Raman spectroscopy [33].  
The transformation process was analyzed using Raman spectroscopy by Cebik et al. [50] and is found 
in Fig. 13. 
 
Figure 13: a) Raman spectra of the transformation process from ND to OLC as a function of the annealing 
temperature from room temperature to 1000°C (recorded with a UV laser excitation of 325 nm). b) Diamond-
band and c) G-band deconvolution for ND particles [33,50]. 
 
The typical Raman spectrum of ND (measured using UV-excitation) as well as a deconvolution of its 
peaks is shown in Fig. 13 (b) and (c). The diamond peak is found at around 1330 cm-1 and is derived 
from large domain scattering. It is overlapped with a second broad peak at 1250 cm-1, which is 
assigned to partially crystalline or even amorphous diamond, concurring with a short-range order 
scattering type of Raman mode [124–126]. Thus, the peaks are related to a signal combination of large 
and small domain scattering, respectively [33]. Due to this convolution, the absolute position of the 
diamond peak can be used to estimate diamond crystal sizes [50]. Furthermore, with decreasing 
crystallite size and increasing content of non-diamond phases, the full width at half maximum 
(FWHM) of the diamond peak increases [127].  
Generally, Raman features above 1360 cm-1 cannot be due to C-C sp3 vibrations [50]. The shifted G-
band position at 1640 cm-1 in Fig. 13 (c) is explained by the combination of three peaks. The first 
one can be identified as the sp2 carbon derived G-band at 1580 cm-1. The higher wavenumber peaks 
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are usually observed in UV Raman spectra of amorphous carbon containing a high concentration of 
carbon atoms with tetrahedral bonding [114]. These two bands provide wavenumbers too high for one-
phonon scattering in carbon materials, thus they are assigned to functional O-H groups and to 
stretching vibrations of carbonyl C=O groups, which are attached to the ND surface, derived from 
detonation synthesis [33,114,128]. Further smaller peaks in the Raman spectrum of ND can be observed 
and are discussed in more detail in Cebik et al [50]. 
With increasing annealing temperature up to 1000 °C, a transformation from sp3 to sp2 carbon 
hybridization is noticeable in the Raman spectra in Fig 13 (a). The number of atoms of a 0-D particle 
increases strongly with its diameter. Hence, the Raman signal coming from the outer shell should be 
the strongest and dominate the spectrum. As the transformation of ND to OLC starts at the outer 
shell of the particle, this results in a high sensitivity for the transformation process using Raman 
spectroscopy. At 600-1000 °C, the described up-shifted G-peak of ND starts to decrease to lower 
wavenumbers and an additional peak at around 1400 cm-1 is formed. This peak can be assigned to an 
up-shifted defect-induced D-band of OLC. Annealing ND at higher temperature involves purification 
of the particles, which explains the decreasing wavenumber of the G-band, since surface functional 
groups are detached and the typical sp2 carbon G-band at around 1580-1600 cm-1 is obtained. 
All the discussed information in this chapter is useful to understand the degradation mechanisms of 
CNP in a tribological contact and thus, Raman spectroscopy is considered a key technique of the 
present dissertation. 
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2.2 Metal matrix composites (MMC) 
Composite materials are defined as a combination of at least two materials that exhibit chemical, 
physical or morphological differences. The combined materials must not dissolve into each other and 
thus form an interface. Furthermore, it is expected that their combination results in a synergetic 
effect, named the composite effect [129].  
In MMC, the matrix is usually the phase with the largest volume content, providing ductility as well 
as load transfer to the reinforcement phase. The reinforcement phase usually has certain desirable 
physical properties (e.g. stiffness, electrical conductivity etc.), which, however, cannot be taken 
advantage of separately. By introducing this phase into the matrix, these properties can at least 
partially be transferred to the composite and thus be integrated into a technically usable system [129]. 
The material class of MMC can be sub-classified, considering the type and contribution of 
reinforcement components, into particle-, fiber- and layer composite materials (Fig. 14). With regard 
to fiber composite materials a distinction between continuous fiber composite materials (multi- and 
monofilament) and short fibers or whisker composite materials is made [23].  
 
Figure 14: Basic classification of MMC 
 
The properties of MMC can be designed so as to fit the requirements of the intended application (e.g. 
light weight but high strength). They are often employed as structural and functional materials such 
as fiber reinforced pistons, aluminum crankcases with strengthened cylinder surfaces or particle 
strengthened brake discs, in the automotive or aerospace sectors. MMC are also broadly found in 
other application fields such as magnetic materials, electronics or wear-resistant sliding contact 
materials [23–25].  
The latter was chosen in the present thesis, as it offers the possibility to transfer promising physical 
properties of the reinforcement phase to a machineable, macroscopic material [130]. Since CNP 
provide promising properties to act as solid lubricant, their use as reinforcement phase in MMC in 
order to produce a self-lubricating system is a logical consequence. Self-lubricating composites in 
general have been around for many years and find applications for example in bearings and piston or 
cylinder liners in engines. These composites are developing into an important class of tribological 
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materials and offer new ways to combat friction and wear under extreme conditions [21]. However, 
despite the selection of a matrix and reinforcing material, processing parameters must also be chosen 
carefully so as to achieve the desired composite properties. This is due to the fact that the properties 
strongly depend on the microstructure and density of the composite as well as the formation of 
interphases, partially tunable by simple variables. The typical methods involved in MMC production 
will therefore be discussed in the following section. 
2.2.1 Blending, processing and microstructural tailoring 
There is an overwhelming wealth of literature and publications on the processing of MMC with 
different reinforcement phases and matrix materials. So, to keep the focus on the present dissertation, 
only the blending and processing of CNP-reinforced MMC are considered in this chapter. In this 
regard, only solid-state processing (powder metallurgy) has to be covered, since liquid-state 
processing is typically not used to produce CNP-reinforced MMC. 
CNP are typically present in agglomerated form when purchased or produced, resulting from 
molecular, electrostatic interdependencies such as Van-der-Waals or dipole-dipole interactions. 
Hence, the CNP must be dispersed before being blended with the metal powder, which can be done 
in different ways. Those methods include dipping, nanoscale dispersion processing, magnetic 
stirring, layer stacking, colloidal mixing, molecular-level mixing, friction stir processing, ball 
milling, roller mixing and others [121,131–140]. Out of those, the three most common can be described in 
more detail: molecular level mixing, ball milling and colloidal mixing. 
Molecular level mixing 
This method involves functionalizing the CNP with surface functional groups (e.g. –OH, -COOH 
etc.) in order to be able to decorate them with metal ions. This is typically done by acid treatment of 
the particles [141]. Subsequently, CNP are dispersed in a solvent and a metal salt as well as reducing 
agent is added so as to form metal oxides on the CNP surface, with the functional surface groups 
acting as nucleation centers (Fig 15 (a) and (b)). After this, the powder is calcinated and reduced 
(e.g. in a hydrogen atmosphere), leading to a full encapsulation of the CNP by the reduced metal 
(Fig 15 (c) and (d)).  
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Figure 15: Schematic of the molecular-level mixing method in the case of CNT. a) Functionalization and b) 
metal oxide decoration followed by c) calcination and reduction leading to metal encapsulated CNT in d) [103]. 
 
Due to the full encapsulation of the particles, a very homogeneous interface is formed and CNP 
reagglomeration is prevented, resulting in a very good mixing of the metallic phase and the CNP. 
This method is often used in applications where a good interfacial bonding is critical. However, since 
the method involves particle functionalization, covalent bonds of the CNP are broken, significantly 
diminishing their outstanding physical properties[37,103,142–146]. 
Ball milling 
In this method, CNP, the metal powder and hard balls (e.g. hardened steel) are filled in a planetary or 
attrition ball mill, rotating with a defined speed (Fig. 16 (a)). 
 
Figure 16: a) Schematic of ball milling. Integration process of CNP into the metal particles is shown in b), c) 
and d) [103]. 
 
By rotating the mill, the inserted hard balls collide with the powder, leading to comminution, 
welding and integration of CNP into the metal particles, as schematically presented in Fig. 16 (b) – 
(d). The processing parameters of this method range from the rotational speed, over different balls 
and powder ratios, ball diameters, atmosphere, and reducing agents, to the mixing time, and 
determine if the process is considered as high- or low energy ball milling. This difference is made 
due to the main drawback of this method, which is the degradation of the CNP. Since high pressures 
(up to 30 GPa [147]) are attained when two balls collide, the CNP can be degraded thus losing their 
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intrinsic properties to some extent. Nonetheless, this method is widely used and provides a 
homogeneous distribution of CNP in a metal matrix [103,148–153]. 
Colloidal mixing 
Disaggregated CNP can be mixed with the metal particles in a solvent, usually with ultrasonic 
agitation or shear mixing as illustrated in Fig. 17 (a) and (b). The used solvent (e.g. ethylene glycol 
or Dimethylformamid (DMF)) as well as the CNP surface plays a critical role in the dispersion and 
stability of the mixture. The surface of CNP is sometimes functionalized in order to stabilize the 
obtained dispersions, which, however, leads to a deterioration of their intrinsic, physical particle 
properties. Further information about different solvents, their advantages and limitations regarding 
this process can be found in Cheng et al. [154]. 
 
Figure 17: Schema of colloidal mixing. Ultrasonication is used to disaggregate the CNP and metal particles are 
added (a), followed by a merging of the two phases in the solvent (b). The solvent is evaporated (c) yielding a 
mixture of CNP and metal powder (d) [103]. 
 
Concerning ultrasonication or shear mixing, various works in literature disagree on its positive or 
negative influence on the structural integrity of the particles. For example, Hilding et al. [155] report 
about the breaking and shortening of CNT as a function of time in an ultrasonic bath. Hence, using 
this method, a careful evaluation of the time and power of the particle dispersion method has to be 
done in order to avoid damaging the CNP. After disaggregating and mixing the particles, the solvent 
is usually evaporated and a mixed powder of CNP and metal particles is left [103,156–163].  
In contrast to molecular level mixing, colloidal mixing can be done avoiding a functionalization of 
the particles. Additionally, a lower degradation compared to ball milling is expected thus possibly 
preserving the physical properties of the particles. For this reason, this colloidal mixing was 
selected in the present dissertation for mixing CNP and metal particles and a systematic 
investigation of the dispersion process is provided.  
The merged powder, obtained using the methods described above, is then further processed into 
dense, solid composite materials. This bottom-up process is known as sintering and involves the 
application of heat and often pressure, for a certain time under a vacuum or inert gas atmosphere. 
However, a large variety of methods exist and sintering is done by one or a combination of methods, 
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such as spark plasma sintering (SPS), friction stir processing, hot extrusion, hot uniaxial pressing 
(HUP), cold pressed sintering (CPS), high pressure torsion (HPT), hot isostatic pressing (HIP) 
microwave sintering, mechanical alloying or laser engineered net shaping [103]. Before further 
discussing these methods, a short introduction to the basic sintering mechanisms is given in the 
following. 
The driving force of sintering is the reduction of the total interfacial energy, which is a function of 
the specific interfacial energy and the total interfacial area, both changing during the sintering 
process due to the replacement of solid/vapor interfaces with solid/solid interfaces. The sintering 
process can be divided into three stages, shown in Fig. 18. In general, the sintering rate 
(densification rate) increases with decreasing particle size and with increasing sintering temperature, 
pressure and time, among other factors. All of these however, share some general sintering stages. 
 
Figure 18: Densification curve of a powder compact, showing the three sintering stages	[164].		
	
The first preparation step of the sintering process is often a pre-compaction of the powder at room 
temperature. During this process, a so-called green body is obtained, providing a geometrical shape 
close to that of the final composite. As soon as the green body is exposed to a certain threshold 
temperature (which depends on the melting point of the used metal matrix), the first stage of 
sintering is reached with the typical “neck formation” observed. This process involves the 
connection (neck) of the metal particles and is dominated by a lattice diffusion of atoms to the grain 
boundaries and from the grain boundaries to the neck, thus forming a diffusion path for the material 
to connect. During this stage, only a 3% increase in relative density of the composite is noted [164].  
With the necks being formed, interconnected pores are built, initializing the intermediate sintering 
stage. During this stage, grain growth is induced and the channel sizes, connecting the individual 
pores, are reduced, leading to a significant compaction of the composite up to a relative density of 
93%. 
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The final 7 % of densification must be achieved in the final sintering stage. However, it is very hard 
and time consuming to achieve almost full densification. During this stage, the interconnecting pore 
channels are closed, resulting in isolation of the pores and the appearance of pressure when pore size 
shrinking occurs as a consequence of adsorbed gas evaporation at the solid/air interfaces. Thus, the 
final densification of powder compacts is strongly affected by the sintering atmosphere, since gas is 
entrapped within the pores. Applying external pressure during this stage significantly helps in 
achieving higher relative densities of the final sintered composite due to an enhanced creep activity 
and plastic deformation. Hence, a general distinction is made between pressureless and pressure-
assisted sintering techniques. For further information on occurring mechanisms and sintering models, 
please refer to the book of Kang [164]. Among others, three of the most used techniques, CPS, SPS 
and HUP, will be discussed in more detail in the following. 
Cold Pressed Sintering (CPS) 
The CPS process can be easily up scaled, allowing for the production of large quantities of materials. 
After the powder is filled in a die, the powder is pre-compacted using a cold uniaxial press, 
producing the green pellet. This pellet is subsequently sintered in a furnace under vacuum or inert 
atmosphere (Fig. 19). 
 
Figure 19: Schematic of CPS, visualizing cold pressing of the green pellet and subsequent pressureless 
sintering in a furnace [103]. 
 
The main drawback of this method is the obtained low densification (usually not more than 93% 
relative densification). The mechanism is based mainly on lattice and grain boundary diffusion, 
which does not allow for full densification without the presence of additional pressure or very long 
sintering times. If pressure is applied, plastic deformation and creeping are added as additional 
sintering mechanisms thus increasing the driving forces and kinetics of the sintering mechanism. 
Hence, the sintering temperature and time can be reduced to a significant degree [164]. 
 
 
Advanced self-lubricating surfaces based on carbon nanoparticles 
 Leander Reinert 28 
Spark Plasma Sintering (SPS) 
One of the methods involving the use of pressure is SPS. The mixed powder is pre-compressed to a 
green pellet using graphite punches, whereupon a pulsed DC voltage is applied inducing a high 
electric current flow, heating and thus sintering the green pellet by Joule heating. During this 
process, a constant pressure is held. A schematic of this process can be found in Fig. 20. 
 
Figure 20: Schematic of SPS, showing pre-compaction of the powder by cold pressing using graphite punches, 
followed by applying a high current (pulsed electric DC) but keeping the applied pressure. Thus, sintering is 
performed by electrical resistance heating [103]. 
 
The method allows for very fast heating rates (several hundred °C/min) and thus a high sample 
throughput. However, the maximum pressure that can be generated is limited by the mechanical 
properties of the graphite punches, typically not withstanding a normal pressure of much more than 
80 MPa. Considering the resistance heating used in this technique, large differences in the electric 
conductivity of reinforcement phase and metal matrix can be a problem and possibly lead to the 
formation of large pores and no full densification [103]. Despite this, high quality composite materials 
with very high densification can be produced very quickly. 
Hot Uniaxial Pressing (HUP) 
In the case of the HUP method, a pre-compacted green pellet is inserted in a steel die and alumina 
punches are used to apply a uniaxial pressure. This technique allows for a pressure of several 
hundreds of MPa during the sintering process. Heating is achieved by induction, which limits the 
possible heating rate and renders HUP a very time-consuming sintering process. The basic principle 
is illustrated in Fig. 21.  
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Figure 21: Schematic process of HUP, demonstrating the pre-compaction process by cold pressing using 
alumina punches which is then followed by inductive heating while keeping a constant pressure to sinter the 
sample [103]. 
 
Although a slow technique, very high quality composites with almost full densification can be 
produced [103].  
Compared to SPS, HUP is not very sensitive to differences in physical properties (such as electrical 
conductivity) of the reinforcing phase and matrix material. Nonetheless and in contrast to CPS, it 
allows for the production of high quality, low porosity composites. Hence, for the present 
dissertation, this technique is chosen for the production of CNP-reinforced MMC.  
Solid state sintering allows for microstructural tailoring of the final composite, affecting final grain 
size, density, distribution and interface of the reinforcement phase. In addition to the possibility to 
control the microstructure of the composite by the aforementioned sintering parameters [165], it has 
been demonstrated that the addition of CNP acts on the grain boundary mobility by hindering their 
displacement during grain growth [41,166–169]. This effect refines the final grain size of the obtained 
composite and thus influences the mechanical behavior by grain boundary strengthening according 
to the well-known Hall-Petch effect [170]. The mechanism of a hindered grain growth can be 
explained by the Zener-pinning effect, based on the equilibrium of the pinning pressure of the CNP 
on the grain boundaries (exerted by the drag force of all the CNP on the grain boundaries) and the 
driving pressure for grain growth [171]. The extent of the grain refinement effect largely depends on 
the reinforcement phase distribution and interface [172]. The factors affecting the distribution of the 
CNP in the metal matrix are still not fully understood and are therefore subject of research of the 
present dissertation.  
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2.2.1 CNP reinforced MMC  
Typically, MMC reinforced by large particles are prone to defect formation such as cracks during 
mechanical testing which can result in the ultimate failure of the composites. Reducing the 
reinforcement particle size in MMC to the nano-size range could possibly resolve some of the 
limitations such as poor ductility and elongation, poor machinability, and reduced fracture toughness 
of MMC [16]. In this chapter, a short overview is given regarding the reinforcing mechanisms 
involved specifically in CNT-, OLC- and ND-reinforced MMC as well as the challenges associated 
to their processing. Since the research progress in CNP-reinforced MMC differs significantly 
depending on the CNP used, a discussion for each of the three CNP is provided in the following. 
CNT reinforced MMC 
CNT-reinforced MMC have so far shown great potential in load bearing applications, which is 
mainly due to the interesting mechanical properties of CNT. In this field, CNT-reinforced Al, Mg or 
Ti matrix composites are used to obtain lightweight materials with high specific strength [173–177]. 
CNT reinforcement provides the ability to induce a grain refinement effect based on Zener-pinning. 
In addition, a proper distribution of CNT acts as an obstacle for dislocation movement, activating 
another strengthening mechanism known as particle dispersion strengthening or Orowan-
strengthening [169,173,178]. The CNT might hinder dislocation movement during plastic deformation 
thus strengthening the composite. Furthermore, CNT possess a very low or even negative coefficient 
of thermal expansion in a wide temperature range [179,180]. Thus, the combination with a metal (high 
coefficient of thermal expansion) can result in a strengthening due to thermal expansion mismatch. 
For one part, the strengthening depends on the volume content of the CNT in the metal matrix [177]. 
For the other part, however, it has been reported that the strengthening effect strongly depends on a 
homogeneous, fine dispersion of the particles, which is often difficult to achieve [131,173].  
This being said, enormous efforts have been put into the development of a method to produce a fine 
dispersion of CNT within a metal matrix, all involving either particle functionalization (covalent or 
non-covalent) or high energy merging techniques (e.g. ball milling) [141,181–184]. As already discussed, 
these techniques result in the breaking of covalent bonds or include a molecular wrapping of the 
particles, which would induce chemical modification of the composite. In any case, it influences the 
interfacial bond between the CNT and the metal matrix by allowing the carbon to diffuse to the 
metal, especially at degraded sites, thereby allowing for the formation of metal carbides, or by 
preventing a seamless interface between the CNT and the metal matrix in the case of molecular 
wrapping.  
With regard to the interface between CNT and a metal matrix as well as their cohesiveness, it is 
evident that it plays a decisive role with regard to the load transfer from metal to CNT, also known 
as the shear lag model [140,178,185]. In this model, the stress is transferred from the matrix to the CNT 
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through the interface and is related to the shear stress τ between CNT and the matrix material, as can 
be seen in Fig. 22.  
 
Figure 22: Schematic illustration of the influence of CNT orientation relative to the external applied load σ on 
the load transfer of metal to CNT [140]. 
 
However, the formation of a carbide interphase between metal matrix and CNT also depends on the 
used matrix and is a matter of debate in the literature. There are contradictory statements as to 
whether an interphase is formed at all when CNT are embedded in a metallic matrix or in which 
matrix systems this occurs (especially in the case of Al with its tendency to form the Al4C3 phase) 
[173,185,186]. Further, it is rather unclear, if the formation of an interphase would help in load transfer or 
not, since a carbide phase is usually brittle. Also, interphase formation involves degradation of the 
CNT and thus, diminishes their intrinsic mechanical properties [140,187,188]. Additionally, it has been 
discussed, that the orientation of the CNT and the respective interphase relative to the applied 
external stress is crucial, as it is also schematically demonstrated in Fig. 22. 
Due to the variability of processing methods and parameters used and the lack of characterization 
methods that are able to identify an interphase formation of probably 1-2 nm in size, this discussion 
is indeed non-trivial. 
Despite mechanical reinforcement, electrical or thermal transport properties have also been in the 
scope of research, predominantly in the case of CNT-reinforced Cu matrix composites. Regarding 
the excellent thermal and electrical conductivity of CNT, this is evident with CNT expected to 
present a ballistic-type of electrical conduction [175,189]. It has been reported that obtaining individual 
CNT after dispersion in the metal matrix as well as avoiding CNT functionalization is critical for an 
improvement in this sector [159,190–192]. This explains why improvements were only obtained for low 
concentrations of CNT, which is due to their tendency to agglomerate at higher concentrations 
[159,192].  
Although impressive effects of metal matrix reinforcement by CNT have been demonstrated in the 
past, chemical modification of the particles, interphase formation with the metal matrix (e.g. a 
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carbide formation) or degradation of the particles in various studies have made it hard to 
systematically investigate or compare the reported effects. Thus, in order to understand the impact of 
CNT as a reinforcement phase for different applications, these particle modifications should be 
avoided. In this regard, nickel has appeared to be a suitable candidate for a fundamental investigation 
of these effects since the only carbides formed by Ni are of metastable nature within a wide 
temperature range, as can be seen in Fig. 23. 
  
Figure 23: Gibbs free energy of formation of several carbides in different metal systems as a function of 
temperature [140]. 
Ni3C is, among all possible carbides, the one with the lowest formation energy (26.36 kJ/mol) and 
was reported not to form an interphase when CNT are used as reinforcement phase [193,194].  
For this reason, nickel is chosen as metal matrix material to be reinforced with CNP in the present 
dissertation. This is done in order to prevent influences of a carbide phase formation on the studied 
tribological effects of CNP as reinforcement phase in MMC.  
Good overview on the topic of CNT-reinforced MMC are also provided by Bakshi et al. [32] or Tjong 
[195]. The state of the art related to CNT reinforcement of MMC for tribological applications will be 
discussed in detail in section 2.4.2 of the present dissertation. 
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ND reinforced MMC 
In the case of ND, research is mainly focusing on ND-reinforced Al, Ni or Cu as metal matrix. 
Popov et al. [196,197] discussed the effect of nanodiamond addition to aluminum composites on the 
stabilization of the microstructure for different annealing temperatures. He observed, that the 
recrystallization process is delayed compared to the unreinforced Al and higher temperatures are 
needed in order to induce grain growth. Furthermore, they have shown that also for ND-reinforced 
Al composites, the formation of a carbide interphase (ND particle-size-dependent) might be critical 
for the reinforcement effect. In this regard, it has been shown recently, that a carbide formation can 
be observed already at 400-450°C for very small ND, whereas up to 800°C is needed in the case of 
larger ND particles [198].  
Further works used ND as reinforcement phase for Al in conjunction with CNT [199]. Highly 
increased hardness and strength of the composite were measured, explained similarly to the CNT-
reinforced composites by the Hall-Petch effect, Orowan strengthening, thermal mismatch and shear 
lag [199,200]. The higher intrinsic hardness of the particles surely assists in the hardening process of the 
composite with very homogeneous dispersions of ND being obtained in these studies. Further 
research regarding structural materials has been done by Livramento et al. [167] or Nunes et al. [201,202], 
processing ND-reinforced nano-Cu or -Ni by mechanical alloying, SPS and hot extrusion, in order to 
improve hardness. This was argued to be a consequence of hindered dislocation mobility and the 
resulting difficulty in plastic deformation of the material. However, the work also highlights ND-
reinforced Cu matrix composites as a valid material for thermal management applications for 
example in electronics, since ND provide a very high thermal conductivity. In contrast, Yu et al. [203] 
have investigated ND-reinforced Zinc composites for biodegradable implants, which exhibit lower 
hardness and strength compared to the unreinforced Zinc while corrosion resistance is improved. 
However, much of the research in the field of ND-reinforced MMC is done with spray or 
electrochemical coatings in order to improve the mechanical or tribological behavior of surfaces 
[41,42,204–206]. In this regard, tribological properties of ND as reinforcement material will be discussed 
further in chapter 2.4.2 of the present dissertation. 
OLC-reinforced MMC 
So far, there is no literature on OLC-reinforced MMC. However, some of the reinforcement 
mechanisms of CNT and ND such as grain refinement due to the Zener-pinning effect, Orowan 
strengthening or shear lag are expected to also occur with OLC. Their properties as a reinforcement 
phase in MMC for tribological applications are yet unexplored. 
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2.3 Strategies to control friction and wear of surfaces 
In general, friction and wear can be altered through lubrication, surface design and the base materials 
[21,207]. Of course, despite these three points, the stress collective, which includes the applied normal 
stresses, the velocity, the runtime, the kinematics and environmental conditions, has to be considered 
[207]. Although these parameters can sometimes be selected individually in order to optimize a 
tribological system, they are often predefined due to the intended field of application (e.g. spacecraft, 
high-temperature applications etc.). Thus, lubrication, surface design and base material have to be 
chosen carefully in order to fit the given requirements. This is briefly discussed in the following [207]. 
Lubrication 
When it comes to lubrication, a general distinction between liquid and solid lubrication is made. In 
most applications nowadays, liquid lubricants such as oils or greases are used. For liquid lubrication, 
different operating regimes have to be distinguished depending on the viscosity, the velocity and the 
contact pressure, which is described by the Stribeck curve (Fig 24).  
 
Figure 24: Schematic illustration of the Stribeck curve for liquid lubrication, showing the three main 
lubrication regimes: boundary, mixed and hydrodynamic lubrication. 
 
This curve determines the lubrication regime, subdivided into boundary, mixed and hydrodynamic 
lubrication. For example under hydrodynamic lubrication, the physical properties of the liquid 
lubricant, such as viscosity and traction, determine the performance of the system. What is special 
about this regime compared to the others, however, is that it completely separates the two surfaces in 
relative movement and thus reduces wear to a minimum, allowing for very long service lifetimes of 
the lubricated components. Liquid lubrication further provides many more advantageous properties, 
such as the ability to dampen or cool the tribological system. Nevertheless and despite all the 
advantages over solid lubricants, liquid lubricants also have their limits, which justify the use of solid 
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lubricants for certain applications [21,208].	In the present dissertation, only solid lubrication and thus 
“dry friction” is considered, which is why liquid lubricants are not discussed further. 
Solid lubricants are mainly used to control friction and wear under harsh operating conditions (e.g. 
high vacuum, high speeds, high loads and very low or high temperatures) where conventional 
materials and liquid lubricants cannot provide the desired performance or durability [21,185,208]. Solid 
lubricants work similar to their liquid counterparts, in particular, they typically shear or slide easily 
to ensure low friction and wear between the surfaces in relative motion. With the focus of the present 
dissertation being put on this type of lubrication, a short overview on solid lubricants will be 
provided in section 2.3.1. 
Surface design 
Regarding the impact of the surface design on dry friction, surface topography and also surface 
chemistry have to be considered, both significantly influencing friction and wear of a surface. In the 
case of surface chemistry, surface contaminants, adsorption layers, oxide layers or formed tribolayers 
can change the behavior of a tribological system [207]. For example, the adhesion of two contacting 
surfaces plays a crucial role when it comes to friction, but also wear mechanisms. Adhesion is 
usually high for two contacting surfaces providing a similar chemical composition (e.g. steel on 
steel). This could result in micro-welding of the surface, producing severe adhesive wear and high 
friction, since microwelds have to be broken in order to allow the two surfaces to perform a relative 
motion. For this particular example, if surface contaminations, adhesion layers or oxide layers 
prevent the direct metallic contact, adhesion is highly reduced and so are friction and wear [21,207]. 
Therefore, when tuning surface topography and trying to understand its influence on a tribological 
system, it is always highly recommended to characterize and identify changes in surface chemistry as 
well, since they are often interrelated. For example a change in the surface topography of a steel 
surface by laser irradiation could lead to a thermally induced oxide formation [209]. Hence, and 
although focusing on a systematical topographical surface modification, the present dissertation also 
investigates possible changes in surface chemistry and their influence on the measured tribological 
effects. For more information on the influence of surface chemistry on tribology of surfaces, please 
refer to Gellman et al. [210] or Bhushan [21]. 
When considering the surface topographies of two contacting surfaces, an important distinction 
between apparent contact area and real contact area must be made. The apparent contact area can 
easily be calculated by the macroscopic, geometrical shape of the two contacting bodies, and, 
according to the law of Amonton [211], friction is independent of this apparent contact area. In 
contrast, the real contact area, being the sum of individual surface asperity contacts and much 
smaller than the apparent contact area, is directly proportional to friction [207]. A schematic is given in 
Fig. 25 in order to visualize the difference between those two perspectives. 
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Figure 25: Schematic illustration of the contact between two rough surfaces, visualizing the apparent and real 
contact areas. The apparent contact area is determined by the geometry of the contacting bodies, whereas the 
real area is the sum of the individual surface roughness asperity contacts. 
 
Characterization of the surface roughness/morphology provides important information to understand 
its tribological performance. Nowadays, an abundance of parameters is available, describing certain 
surface features, which are used to compare the surface topographies of different tribological 
systems [207]. A well-known and widely accepted surface description is done using the Abbott-
Firestone curve [212]. The geometry of the curve defines different parameters, such as the core 
roughness Rk, which is often used to estimate the load bearing capacity of a surface. 
However, surface roughness parameters can also be used to estimate the real contact area of a 
tribological system. This research area has always been and still is a very busy topic, involving 
numerous approaches and models in the field of contact mechanics. One of the earliest contact 
models, assuming perfectly flat surfaces (without roughness), which was used as a starting point in 
many other models, is the Hertzian contact model [213]. Since then, numerous other models appeared, 
trying to consider fully elastic or elasto-plastic contact conditions, with surfaces possessing 
stochastic roughness or intentionally altered surface topographies with or without a given anisotropy. 
A few examples are the Greenwood Williamson model [214], the Kogut-Etsion model [215], the Chang-
Etsion-Bogy model [216], the Jackson-Green model [217] or the Persson model [218]. These models are 
always a function of the given surface topography and the mechanical properties of the base 
material. Hence, numerous experimental works have addressed this fact, trying to tune the surface 
topography and thus the real contact area by using a variety of different methods, including 
honing[219], micro-coining[220], lithography[221], laser surface texturing[222] or others. The focus of the 
present dissertation being also set on surface topography tailoring in conjunction with solid lubricant 
surface coating, this topic is covered in more detail in section 2.3.2. 
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Base materials 
With regard to the base materials under dry friction, first and foremost, their mechanical properties 
have to be put in the limelight. The mechanical properties together with the surface topography and a 
given loading condition determine whether the contact situation is fully elastic or elasto-plastic (for 
example by calculating the plasticity index [223]) and also how large the real area of contact is. It also 
influences friction and wear mechanisms. For example, if a hard material is in contact with a softer 
material, abrasion and ploughing can often be detected, whereas adhesion rather occurs for materials 
with similar chemical composition. In this regard, it always has to be kept in mind, that wear is not 
directly proportional to friction. More specifically, a soft metal coating, which is in contact with a 
hard counterpart, can show significant wear due to easy plastic deformation and shearing of the 
surface, resulting in relatively low friction at the same time [20,224]. 
Another important feature of the base material is its microstructure. First, it influences the 
mechanical properties of a material to a great extent [170,225]. For example, a lower mean grain size of 
a base material significantly increases its hardness due to grain boundary strengthening according to 
the well-known Hall-Petch effect [170]. Furthermore, the connectivity of different phases inside the 
bulk material also plays an important role. A 3-D connection of hard, but brittle phases in a ductile 
matrix can reduce the strength of the material, whereas a fine non-connected distribution of the same 
phase in the same matrix can significantly increase its strength [226]. Additionally, the microstructure 
strongly affects the surface oxidation behavior during the tribological contact. In particular, smaller 
grain sizes mean more grain boundaries, which typically can act as diffusion paths for oxygen, thus 
inducing stronger surface oxidation with the oxide layer acting beneficially as a hard, protective film 
against wear or detrimentally by increasing the abrasive component of the system and forming oxidic 
wear particles [227,228]. Still, although a material with a specific microstructure is chosen for a certain 
tribological application, the microstructure can change during the experiment due to plastic 
deformation or recrystallization [229]. In addition, from a crystallographic point of view, the grain 
orientation and thus the texture of a material contributes significantly to its tribological behavior. 
Depending on the crystallography (e.g. fcc, bcc) and the grain orientation, different slip-planes are 
activated as a function of the external stress collective, creating anisotropy in yield and plastic 
deformation of the material surface and thus affecting the tribological behavior [230,231]. Whether a 
slip-plane is activated or not can be calculated by the critical shear stress using Schmid’s law [232]. 
Combining this knowledge with a grain orientation map (e.g. obtained by electron backscatter 
diffraction) allows for the identification of easy or hard sliding directions on the surface of a material 
(if a texture is present). 
The microstructure of a base material can be altered in many different ways (e.g. annealing, 
quenching, cold forming etc.). However, tailoring the microstructure of a MMC using the 
reinforcement phase provides one of the most interesting ways. This is because the processing 
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parameters are simple and the reinforcement phase may also have a stabilizing effect on the 
microstructure during the tribological contact due to the Zener-Pinning effect. Hence, this approach 
has been chosen in the present dissertation. 
2.3.1 Solid lubricants   
The need for solid lubricants is motivated by many particularities. The low vapor pressure of solid 
lubricants compared to liquid lubricants still allows for their use under vacuum conditions, with 
some of them providing excellent lubricating properties specifically under these conditions (such as 
MoS2). Furthermore, for liquid lubricants, extreme pressures can lead to severe lubrication problems, 
as liquid lubricants may not support these, resulting in a boundary lubrication regime. Additionally, 
very low or very high temperatures may lead to solidification or decomposition of the liquid 
lubricants, respectively. On the other hand, strong temperature changes during service can lead to 
drastic variations in viscosity and thus a change in the lubrication regime. Likewise, most liquid 
lubricants are not well suited for applications where electrical conductivity is important, since they 
possess rather insulating characteristics. Regarding storage of liquid lubricants, problems often occur 
as they evaporate, drain, creep or migrate over time. These and further limitations could be overcome 
by their replacement with solid lubricants [13,14,21]. 
Certainly, not only liquid but also solid lubricants show significant shortcomings. Some, for 
example, are rather poor thermal conductors and lack of the ability to conduct heat out of the contact. 
In addition, supplying a contact with solid lubricants is more difficult than with liquid lubricants and 
most solid lubricants have very limited wear lives, which sometimes leads to failure in lubrication 
behavior over time. Oxidation can significantly influence the properties of some solid lubricants, 
which may result in structural or chemical changes or generation of unwanted by-products [21]. 
A general distinction between solid lubricants regarding carbon based materials (e.g. graphite, 
graphene Diamond-like-Carbon (DLC)), transition metal dichalcogenides (TMD) (e.g. MoS2, WS2), 
polymers (e.g. PTFE), lubricious oxides (e.g. Cs based oxides) and soft metals (e.g. Ag, Sn) can be 
made [13,14,20]. For most of the solid lubricants, their working principle is explained simply by the 
theory of Bowden and Tabor [233]. The coefficient of friction (COF) µ of a solid lubricant can be 
expressed as a function of the interfacial shear strength of the solid lubricant !!, the contact pressure 
P and the pressure dependence of the shear strength α (which is the lowest attainable friction 
coefficient for the specific tribological system) using the following equation [20,233]: 
µ = !! = !! ∙ !!! = !!! = !!! + ! (2) 
In equation (2), F corresponds to the friction force, L to the normal load, Ar to the real area of contact 
and !! to the shear strength [20].  Thus, with a low interfacial shear strength of the solid lubricant in 
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combination with a hard substrate and thus a high pressure, efficient lubrication and thus a low COF 
might be achieved. 
However, the individual lubrication mechanisms of the various solid lubricants slightly differ from 
each other and a brief explanation of the mechanisms and limitations of the most important solid 
lubricants is given in the following. 
 
Graphite 
Graphite has long been known for its good lubrication properties and has been used in industrial 
applications as solid lubricant for several decades [234]. Graphite possesses a highly crystalline 
structure of stacked hexagonal carbon lattices (stacked graphene sheets) with an sp2 carbon 
hybridization and a strong, covalent, in-plane bonding of the carbon atoms. A schematic of the 
atomic structure is given in Fig. 26.  
 
 
Figure 26: Schematic illustration of the atomic structure of graphite, consisting of stacked graphene sheets 
with an interlayer distance of 0.335 nm [235]. 
 
With the sheets only being interconnected by weak Van-der-Waals forces, they become relatively 
easy to shear. However, graphite lubrication is strongly dependent on the presence of water or 
adsorbed gas molecules, since the shearing of graphene sheets works only based on intercalation of 
these molecules between the individual graphene sheets, leading to an increase in the interlayer 
spacing between near-surface basal planes [17]. In the case of low relative humidity or vacuum, high 
friction and wear occurs and a process called “dusting” sets in [20]. 
 
Graphene 
Recently, it has been found that besides its thermal, electrical, optical, and mechanical properties, 
graphene can serve as a solid lubricant [17]. Its high impermeability to liquids and gases [236], extreme 
strength [237], and easy shear capability on atomically smooth surfaces are the major favorable 
attributes for its high potential as a solid lubricant [238,239].  
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In particular, it was shown that in contrast to graphite, graphene provides efficient lubrication under 
dry or inert gas environments, as can be seen in Fig. 27. Furthermore, wear reduction by four orders 
of magnitude was observed on steel surfaces, when coated by solution-processed graphene [239]. One 
accepted explanation of the lubricating effect is based on low adhesion based on the nearly perfect 
single, hexagonal lattice providing a low surface energy. A stacking of several layers would result in 
easy shearing ability of the surfaces. However, other studies contradict this explanation by 
introducing fluorinated graphene, providing even lower adhesion but higher friction at the same time. 
However, it is accepted that, graphene is able to conformally coat surfaces and is mechanically 
stable, preventing the direct tribological contact of the surfaces. Additionally, the protection of the 
surface against oxidation due to the high impermeability to liquids and gases contributes 
significantly to an efficient wear reduction. There is still an on-going discussion about the lubrication 
mechanism of graphene [17].  
 
Figure 27: COF (µ) measured against the number of cycles for a graphite (a) or solution processed graphene 
(SPG) (b) lubricated steel surface under dry nitrogen or humid air conditions. A ball on disc tribometer was 
used with a steel ball of 9.5 mm in diameter and a normal load of 1 N was applied [17]. In c) a simulation with 
an AFM tip contacting and shearing a graphene layer is performed, resulting in an out-of-plane deformation of 
graphene [17]. 
 
Unfortunately, the promising lubrication properties of graphene decrease significantly when large 
contact pressures are applied. For the same configuration as shown in Fig. 27, it has been reported 
that when increasing the load to 3 N (inducing 0.7 GPa of pressure for the given configuration), the 
lubrication vanishes after only 200 cycles [17,239]. Furthermore, differences are obtained regarding 
monolayer graphene coatings, few-layer graphene coatings and multi-layer graphene coatings [240]. It 
is often concluded that the friction force is higher for a monolayer of graphene and decreases with 
increasing number of layers. However, the strong interaction between graphene, the substrate 
material, the surface roughness, the interaction between the graphene layers, and the graphene-
substrate separation distance all have to be considered for a proper analysis [240]. 
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Thus, it is clear that further research needs to be carried out in this field in order to fully understand 
the mechanisms and to exploit the full potential of this material for its use in technical applications.  
A good overview on this topic is given by Berman et al. [17]. 
Diamond-like-Carbon (DLC) 
DLC coatings are typically hard and wear resistant, but they can also provide low friction and 
chemical inertness under certain conditions. The DLC structure consists of disordered carbon, 
providing only a short-range order of a mixture of sp3 and sp2-hybridized carbon atoms. In order to 
induce high toughness and beneficial tribological properties, pure DLC is doped with metals or 
lightweight elements, like H, N, Si, Cr, W or Ti [20]. The ternary phase diagram of carbon-
hydrogenated alloys is depicted in Fig. 28. 
 
Figure 28: ternary phase diagram of bonding in amorphous carbon-hydrogen alloys [241]. 
 
Hydrogen doping is widely used and corresponds to the phase a-C:H (amorphous, hydrogenated 
DLC) or ta-c:H (tetragonal, amorphous, hydrogenated DLC) in the phase diagram. Depending on the 
deposition techniques, such as sputtering, ion or plasma beams, the different phases can be obtained, 
providing different mechanical and tribological properties. A detailed description of this can be 
found in the work of J. Robertson [241]. 
The friction coefficients of DLC coatings vary widely from 0.01 to 0.5 and depend upon the testing 
conditions (e.g. contact pressure, velocity or temperature), the environment as well as the 
hybridization ratio and hydrogen content [20]. This is also true for the wear rates, which can get as 
low as 10-7-10-9 mm3/N·m [242]. As an example, hydrogen-free DLC provides the lowest COF under 
humid conditions whereas hydrogenated coatings perform better in dry or inert gas environments. 
Under specific conditions, COF values as low as 0.005 (superlubricated state) can be reached in self-
mated sliding contacts, which is attributed to a passivation of the contacting surfaces due to 
hydrogenated carbon [243]. 
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However, synthesizing DLC possessing low friction and wear in both dry and humid environments is 
a challenging task. Research is currently focused on the investigation of diamond-like 
nanocomposite (DLN) coatings, consisting of two amorphous interpenetrating networks, a diamond-
like (a-C:H) network and a quartz-like (a-Si:O) network with minimal bonding between the two 
networks, yielding very promising results in this regard [244]. Also ultrananocrystalline diamond 
structures have been found to provide promising tribological properties under varying environmental 
conditions [245]. However, the research topic of DLC is a broadly studied field and cannot be covered 
in a small summary in the present dissertation. Thus, please refer to the book of Donnet and Erdemir 
[242] for a general overview and introduction to the topic. Finally, and in contrast to other solid 
lubricants such as graphite, it has to be mentioned that DLC is always used as a coating for surfaces 
and not as, for example, a reinforcement phase in a MMC. 
Transition Metal Dichalcogenides (TMD)  
The lubricating properties of TMD, such as MoS2 or WS2 are derived from the inter-mechanical 
weakness of those structures, which is related to their crystal structure [246]. MoS2 crystallizes in the 
hexagonal structure where a sheet of molybdenum atoms is sandwiched between two hexagonally 
packed sulfur layers. Similar to graphite, they present a strong interplanar bonding of the Sulfur 
atoms as well as a covalent Sulfur-Molybdenum bonding, whereas only week Van-der-Waals 
bonding is observed between the individual sandwich layers as well as between the stacked Sulfur 
layers, which allows for easy shearing (Fig 29).  
 
Figure 29: Atomic structure of MoS2 with interatomic distances [246]. 
 
The lubrication mechanism of MoS2 is based on the development of a transfer film on the counter-
material to support interfacial sliding. Due to the ability of TMD to form a transfer film and to orient 
its crystal structure beneficially to the sliding direction ((0002) planes parallel to the sliding 
direction), they are not only used as sputtered surface coating, but also as inorganic fullerene (IF) 
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nanoparticles or as additive in oils or greases [247,248]. Both, MoS2 and WS2 can provide a very low 
COF of only 0.05 or lower and also very low wear rates, typically being the lowest for steady state 
conditions of the system. However, this is only true for either dry inert gas atmospheres or in 
ultrahigh vacuum. When TMDs are used under humid conditions, the formation of MoO3 and WO3 
at the edges of the basal planes has been observed, hindering the planes from easy gliding [249–251]. 
This problem also occurs for higher temperatures (300 °C and above) [249–251]. One approach to 
overcome these limitations is the doping of TMD with various metal or oxide dopants (e.g. Ti, Al, 
Ni, Au, Pb, PbO, and Sb2O3) [20,252]. The presence of these dopants or alloying of TMD with 
amorphous carbon can lead to a higher oxidation resistance in humid environments compared to pure 
TMD [253]. Due to their high lubrication capabilities under vacuum conditions, TMDs are often used 
for spacecraft applications. A short and comprehensive introduction to the field of tribological 
properties of TMD is provided by Polcar and Cavaleiro [253]. 
Polymers 
In the case of polymers, their low intermolecular cohesion is responsible for their rather low friction 
properties. For example, this could be due to easy extraction of molecular chains out of the 
crystalline fraction (e.g. for PTFE, PE or Polyimide) [208,254]. Thus, polymers can be used as solid 
lubricant coatings, for example, on metallic materials. In addition, they offer a low coefficient of 
friction both in vacuum and under atmospheric conditions, as the lubrication mechanism does not 
depend on adsorbed molecules and chemical reactivity is low. Generally, polymers are not suited for 
high temperature applications due to melting or degradation. Furthermore, the low thermal 
conductivity inhibits heat dissipation, which can also cause premature failure due to melting under 
room temperature. Therefore, polymers are typically used for low sliding speed applications. Finally, 
the low intermolecular cohesion causes a further severe limitation, as it results in unacceptable 
amounts of wear [254]. This limitation can be partially overcome by adding fillers to the polymers, 
which is why polymers are most often used as matrix material in conjunction with other solid 
lubricants [20]. 
Lubricious oxides 
Oxide based materials most often are hard to shear at room temperature. However, some of them 
(e.g. Cs, Re, Ti, Mo, Zn, V, W, B) develop easy-to-shear characteristics at higher temperatures, 
which is why they are often referred to as lubricious oxides [208,255,256]. It has been shown that the 
crystal chemistry of oxides is linked to their shear rheology and thus to their ability to act as a high-
temperature solid lubricant. An intense study on the lubrication behavior of different oxides as a 
function of the temperature has been provided by A. Erdemir [255]. Lubricious oxides are not very 
widespread and limited in their usage exclusively for high temperature applications. Most of them 
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only become an interesting solid lubricant for temperatures higher than 500°C [255]. A very good 
overview of the topic is provided by Aouadi et al. [14]. 
Soft metals 
Soft metals, such as Pb, Sn, Ag or Au are able to provide a low COF when applied onto relatively 
hard substrates. In contrast to solid lubricants, whose function mechanism is based on the 
development of a transfer film on the opposite surface, soft metal film lubrication is initiated by 
shearing in the film. Unfortunately, this results in significantly higher friction, rendering soft metal 
coatings not the most efficient among the solid lubricants. In any case, the thickness of the coating 
determines the efficiency of the soft metal coating and most metal coatings have an optimum 
thickness. This optimum thickness results from the fact that very thick layers lead to a larger real 
contact area and thus to higher friction, whereas very thin layers can cause an abrupt increase in 
friction if they cannot prevent the direct interaction of the two substrates [20,224].  
 
 
 
Summarizing, all of the above-described solid lubricants can possess good lubrication properties for 
specific conditions. However, they are also limited in their range of applications with regard to their 
environmental conditions and the prevailing stress collective. The increasing demands on 
tribological applications set the need to develop solid lubricants, which provide a higher environment 
robustness and independence from the stress situation [18,19]. This might be given for CNP as solid 
lubricants and will be discussed further in section 2.4 of the present dissertation. A very 
comprehensive and general introduction into the field of solid lubricants, its advantages, limitations 
and working principles is given by Scharf and Prasad [20] as well as Donnet and Erdemir [208]. 
2.3.2 Surface topography designing 
Surfaces of real machine elements in tribological contact are not atomically flat and generally exhibit 
a certain surface roughness. In this regard, the early work of Bowden and Tabor investigated the 
interaction between asperities of a rough surface with regard to the influence on the frictional 
behavior [257]. They correlated the frictional behavior of a surface with adhesion/welding of asperities 
of the real contact area and their subsequent releasing (when a critical shear stress is applied). Since 
then, great efforts have been undertaken for various lubricated and non-lubricated tribological 
systems in order to measure, characterize and understand the influence of surface roughness on the 
tribological behavior and to correlate surface roughness with the real contact area of two contacting 
surfaces [21,214–217,258–262]. Despite the real contact area, a lot of different surface interactions have to 
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be considered, including plastic deformation and consequently deformation energies, contact angles 
between asperities or simply the mechanical properties of the contacting materials [207]. 
However, the roughness of a system is often connected to the end application, as this determines how 
much effort can be invested in the design or processing of a surface (e.g. surfaces of Micro-Electro 
Mechanical Systems (MEMS) [263] compared to large scale machine elements [262]). Thus, regarding 
larger scale tribological systems such as machine elements, numerous experimental works have tried 
to develop a fast and economic method to alter the real contact area by specifically varying the 
surface topography [219–222,264–267]. In these works, it has also been shown, that surface topography 
alteration affects more than just the real contact area. For example, the formation of a hydrodynamic 
pressure under lubricated conditions can be controlled by a defined surface topography [53]. 
Additionally, the surface depressions have been observed to trap and store generated wear particles 
as well as lubricants [52,53]. Furthermore, the creation of topographical structures providing an 
anisotropy typically also results in anisotropic effects on friction and wear of the surfaces. Thus, 
considering all those effects, it is sufficiently proven that surface topography designing is a powerful 
tool for the systematic manipulation of the tribological properties of a system. 
Out of various techniques to create well-defined surface patterns such as honing, micro coining or 
lithography, laser surface texturing (LST) has shown to be suitable, cost and time-efficient approach 
[10,51]. Hence laser surface processing has been chosen in the present dissertation for surface 
topography designing.  
Due to this fact, the focus in the following is put on LST as a method to tune surface topography. 
Generally, when it comes to LST using pulsed laser systems, different laser-material interactions 
have to be distinguished based on the laser pulse length ranging from short (microsecond- to 
nanosecond-pulses) to ultra-short (picosecond- to femtosecond-pulses) [268]. In the case that a 
metallic surface is processed using a short-pulsed laser system, the laser-material interaction is based 
on melting and heat conduction, resulting in shifting of the molten material according to 
temperature- and surface tension gradients. In contrast, an ultra-short pulsed laser system induces 
direct metal ablation, not allowing the metal to melt and generating a shock wave, which ejects 
evaporated or overheated liquid (Fig. 30). Ultra-short-pulsed laser surface structuring normally 
results in the creation of sharp topographical edges, whereas short-pulsed laser structuring provides 
rather smooth surface structures [268].  
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Figure 30: Schematic of the laser material interaction for a) a short-pulsed laser system and b) an ultra-short-
pulsed laser system [268]. 
 
Another significant difference is the possibility to create higher surface aspect ratios for ultra-short 
pulsed laser systems compared to short-pulsed laser systems. Ultra-short laser pulses ablate the 
material with each individual pulse, resulting in successive material removal and thus deeper 
structures compared to a simple redistribution of molten material in the case of short laser pulses.  
The pulsed laser systems can be used to create interference fields, producing a periodical laser 
intensity distribution on the material surface. This distribution causes a precise distribution of energy 
at places of high laser intensity, while the material remains almost unaffected in zones of low 
intensity. The interference field is generated by splitting up the main beam into two or more coherent 
sub-beams, subsequently overlapping at the surface. Depending on the laser pulse length, a 
redistribution of molten material (short-pulsed) or precise metal ablation (ultra-short-pulsed) occurs, 
resulting in the development of a defined surface topography. This process is called DLIP [51,269]. 
Different interference geometries can be obtained, such as line-, dot- or even lattice-like patterns 
with typical feature sizes in the micron to sub-micron range, depending on the used laser system, the 
laser wavelength and the angle of the overlapping sub-beams. A schematic of the DLIP process for a 
nanosecond laser system is given in Fig. 31. 
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Figure 31: a) Schematic of the equipment and optics needed for the beam guidance in order to overlap the sub-
beams on the sample surface according to the DLIP principle using a nanosecond laser. b) Schematic of the 
interference principle, creating regions of high intensity (positive interference) and low intensity (negative 
interference). The distance from one positive interference position to the next depends on the interfering angle 
of the sub-beams and the wavelength λ of the laser beam. 
 
Besides the possibility to laser structure surfaces using DLIP, direct laser writing (DLW) can also be 
used [270]. For this technique, the laser beam is highly focused, and a sequential, automated surface 
processing is performed. It allows for larger surface structures (several micrometers to millimeter 
scale) and provides a highly controllable way to create different surface aspect ratios. 
Studies on the tribological behavior of laser-structured metallic surfaces have shown a significant 
reduction in friction and wear under lubricated and non-lubricated conditions [53,266,271–273]. In addition 
to the effects caused by a reduced contact area and trapping of wear debris, the surface depressions 
can act as storage for liquid and solid lubricants, thus continuously supplying the contact region with 
the lubricant [52,53]. This can avoid premature failure of machine components by significantly 
enhancing the longevity of the lubrication effect. 
Hence, in the present dissertation, laser structured surfaces were used in combination with the new 
solid lubricant (CNP) in order to create enhanced self-lubricating surfaces. Furthermore, 
specifically designed surfaces may allow for a more detailed understanding of the lubrication 
mechanisms of CNP. An in-depth discussion of the state of the art of CNP lubrication mechanisms 
and their usage in the field of tribology is therefore given in the next sections.  
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2.4 Tribological application of CNP 
In recent years, CNP have risen as promising candidates to reduce friction and wear under various 
operational environments, which is ascribed to their outstanding mechanical properties, chemical 
inertness, thermal stability as well as atomic structure and geometrical shape [31–36,240]. Various works 
report on the friction and wear reducing effects of the particles when used as solid lubricant coating 
or as reinforcement phase in composite materials [29,35–47]. There are also numerous works using CNP 
as an additive in oils in order to achieve enhanced lubrication effects [60,62,274–280]. However, with the 
focus of the present dissertation being put on dry friction, these works are not considered in the 
following, since the lubrication mechanism of additives in oils strongly differ from the mechanisms 
present under dry friction. 
The underlying lubrication mechanisms of the particles under dry friction conditions are still not 
fully understood and thus the potential lubricating effects may not be fully exploited [240]. The present 
thesis focuses on three CNP in particular, namely MWCNT, OLC and ND. These three different 
types of CNP are chosen intentionally since they can be systematically distinguished, representing 
sp2 as well as sp3-hybridized, 0-D (low aspect ratio) and also 1-D (high aspect ratio) carbon 
nanoparticles, and thus cover a wide range of CNP allotropes. Due to this fact, a systematic 
investigation is possible, allowing for an understanding of the governing lubrication mechanisms in 
more detail. Hence, in the following sections, only the above-mentioned three CNP are considered. 
2.4.1 CNP as solid lubricant  
There are various theories on the intrinsic lubrication mechanisms of CNP. However, the state of the 
art regarding the three particles differs. Hence, they are discussed separately in the following. 
MWCNT 
In many research works, friction and wear reduction are experimentally observed, when MWCNT 
are added to the tribological contact. It was stated that MWCNT are able to efficiently lubricate the 
contact in either air or vacuum conditions [281], for low and high temperatures [282] and under various 
relative humidity [35,283]. Regarding the occurring lubrication mechanisms, different explanations are 
found in literature. A common reason is that MWCNT would form a lubricious layer on the surface 
of the contacting materials [16,44,45]. However, it is often not further specified what this lubricious 
layer is composed of. There are studies, observing the formation of a “carbonaceous layer”, of which 
the lubrication mechanism would be similar to the known graphite lubrication. This would imply the 
structural degradation of MWCNT within a tribological contact [16,44,283]. This statement contradicts 
what was found by Dickrell et al., who showed a frictional anisotropy effect for quartz surfaces 
coated with MWCNT studied under a low load of 2 mN [35,91]. MWCNT that are aligned horizontally 
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(transversely) to a surface show a much lower coefficient of friction than MWCNT aligned 
perpendicularly (vertically) to the surface (“CNT forest”) (Fig. 32). It was concluded that MWCNT 
might possess the ability to efficiently separate the sliding surfaces, which would also explain their 
ability to reduce wear of the contacting partners [32,38]. Additionally, it was assumed that MWCNT 
are able to slide and/or roll on the surfaces, being the logical consequence from their tube-like 
morphology and their relatively low physical interaction with surfaces due to their closed, curved 
shell and low concentration of dangling bonds [284]. In this regard, by measuring the lateral forces 
involved and observing the rotation of a single MWCNT on the surface, earlier studies of Falvo et al. 
using atomic force microscopy (AFM) proved that MWCNT are able to perform a defined sliding 
and/or rolling motion on top of a graphitic surface [34]. Still, so far, the rolling and/or sliding ability of 
MWCNT has not yet been proven for macroscopic tribological testing conditions. Regarding their 
potential ability to roll, simulations of CNT bundles in a tribological contact were performed by Ni 
and Sinnott [47], observing what is called the “tank-belt” effect and describing the CNT rolling 
motion similar to that of a deformed chain rolling between two contacting diamond surfaces under 
shear as can be seen in Fig. 32 (b) [45,47,285].  
 
Figure 32: a) Mean value of 60 cycles of a pin on disc friction coefficient measurement of MWCNT on a 
quartz surface measured using a borosilicate pin and a normal load of 2 mN [35]. b) Schematic of the tank-belt 
model, showing transversely oriented CNT and c) vertically oriented CNT in between two diamond surfaces 
[47]. 
In this regard, Mylvaganam et al. [286] performed simulations on the sliding direction on 
agglomerated, transversely aligned CNT against a diamond tip under very low loads (several nN). It 
was shown that a sliding of 90° to the longitudinal axis of the CNT caused “spinning” of CNT that 
were situated below the top CNT layer, which is not the case when sliding is performed in parallel 
the CNT longitudinal axis. However, in terms of the friction coefficient, no change was observed and 
thus it was concluded that the lubrication effect of CNT is derived by their atomically smooth 
surface without dangling atoms (which is true in theory, but hardly ever obtained for synthesized 
CNT). Interestingly, further simulations of CNT under high temperature conditions (1500-2000 K) 
by Colonna et al. [287] showed, that for pressures above 1.5 GPa, a structural degradation towards 
graphite can be expected.  
Advanced self-lubricating surfaces based on carbon nanoparticles 
 Leander Reinert 50 
It becomes thus evident, that the lubrication mechanism is a function of the given tribological system 
and a wide span of parameters like relative humidity, contact mechanics, the contacting material 
properties and their surfaces as well as the distribution, structural integrity and agglomeration of 
MWCNT [240,288]. Thus, all those influences have to be considered in order to learn more about the 
lubrication mechanisms of these particles, which, so far, has not yet been done for one specific 
tribological system. 
ND 
Regarding the intrinsic lubrication mechanism of ND, there is not yet much literature in the field of 
dry friction. This could be due to the fact that an sp3 hybridization is usually associated with a hard 
material, which does not provide the basic requirements of a solid lubricant (according to Bowden 
and Tabor) [233]. However, due to their spherical shape, there is literature that assumes a possible 
function as nano-roller bearings, separating the two contacting surfaces thus preventing the 
occurrence of severe wear and reducing the COF [41,289]. Yet, this assumption was not proven and in 
contrast, other studies contradict this assumption [62]. Especially under ambient conditions, ND are 
rather connected to act as an abrasive rather than a solid lubricant [290]. A beneficial effect on friction 
and wear could be observed mainly under vacuum conditions. It is argued, that low adhesion 
between the diamond surface and the substrate surface (due to adsorbed oxygen-containing species 
on the surface) can cause this frictional and wear reduction [290]. Studies by Berman et al. further 
reported about the possibility to reach “superlubricity” with friction coefficients as low as 0.004 if 
ND are combined with graphene as solid lubricants in the contact area of a DLC sphere and SiO2 
substrate [291,292]. The effect was only observed for dry environments. In the case of an increase in 
relative humidity to 30%, the effect vanishes as can be seen in Fig. 33 (a) and (b). It is argued, that 
ND particles are wrapped by graphene nanoscrolls as depicted in Fig. 33 (c-f). In this respect, ND 
would provide the mechanical stability of the nano-bearing, whereas atomic incommensurability, and 
thus superlubricity (which was first discovered by Shinjo and Hirano for muscovite mica crystal 
[230]), is given by the direct contact of the DLC surface with the graphene sheet [291,292]. If humidity 
were present, the adsorption of water molecules would prevent the formation of graphene nano-
scrolls and therefore would show detrimental frictional effects. It is still an open question, whether 
these promising lubrication effects could be transferred to technically relevant materials with rough 
surfaces. 
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Figure 33: a) Friction coefficient measurement of nanodiamond, graphene and nanodiamond+graphene for a 
DLC against SiO2 contact under dry ambient conditions and b) humid (30% relative humidity) conditions. c) – 
f) shows a schematic of the mechanism of graphene nanoscroll wrapping of nanodiamonds in the mentioned 
tribological contact [291,292]. 
However, the reported observations also give rise to the promising lubrication properties of OLC 
(being similar to a wrapped graphene scroll), which is discussed in the next paragraph. Generally, 
research using ND for tribological applications is rather focused on their usage as additives in liquid 
lubricants or as reinforcement phase in composites, where beneficial tribological effects are obtained 
due to a change in the rheological behavior of oils, an embedding of ND in the surfaces or a 
hardening/strengthening effect of the composite [33,62,197,277,279,293,294].  
OLC 
The polyhedral or spherical structure of OLC suggests that they could also function as nano-bearings 
in tribological systems [31]. Since there are almost no free valence electrons on the curved surface of 
OLC, only weak intermolecular interactions with other materials are assumed [31,280]. As a result, 
OLC have a high degree of freedom, as only a few bonds are formed on the surface of the friction 
partners. In the case of atmospheric conditions or even under vacuum, OLC provide a significantly 
lower COF than graphite, as can be seen in Fig. 34 (a) and (b), respectively [36]. 
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Figure 34: Friction coefficient measurement of  OLC, graphite, C60 fullerene and diamond clusters under a) 
ambient conditions and b) under vacuum [36]. 
 
OLC particles are apparently not dependent on the presence of water molecules or oxygen for solid 
lubrication. Furthermore, using OLC compared to graphite, the wear rate could be reduced by 3 to 6 
orders of magnitude, which is attributed to surface separation by OLC. Hirata et al. [36] further 
produced OLC using diamond powder and others using diamond clusters. In Fig. 34, a clear 
difference in the tribological behavior of these two OLC variations is observed. This is explained by 
the different number of defects on the surface. OLC derived from diamond powder has significantly 
more defects, therefore resulting in a lower binding stability and being more prone to chemical 
reactions with the contacting surfaces. Additionally, the lubrication effect of OLC might be strongly 
dependent on the provided surface roughness of the substrate material. If the roughness is too high, 
the particles may not provide an efficient surface separation anymore. When OLC are in direct 
contact, they can be damaged and thus restricted in their freedom of movement. However, although 
being damaged or pinned, AFM experiments reported a deformed OLC layer found on steel surfaces, 
still providing a very low COF [295]. 
Despite these experimental findings, various simulations have been performed in order to understand 
the lubrication mechanism of OLC. These have shown, that the capability of OLC to perform a 
rolling movement on a surface could be prevented by exceeding a certain contact pressure. This has 
been justified by the formation of bonds with the contacting materials, pinning the OLC particles. In 
the case of two OLC-lubricated DLC layers, a maximum contact pressure of 5 GPa was simulated at 
which the coefficient of friction increases from 0.024 to 0.151, and thus, the mechanism changes 
from rolling to sliding [296]. In general, the lubrication mechanism of OLC is referred to as a rolling or 
sliding movement on top of the surfaces rather than a structural modification (for example 
exfoliation) [45,46]. 
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2.4.2 CNPs as protective coating 
Due to the promising physical properties of CNP, various coating methods were deployed so as to 
use CNP as surface coatings. Again, the state of the art of the particles strongly varies, and thus, they 
are described individually. Not all of the presented methods were applied in order to use the coating 
for tribological applications. However, a brief overview of all the methods capable of coating 
surfaces with CNP is provided in the following. 
MWCNT 
In the specific case of MWCNT, it must be distinguished between dry and wet coating routes. The 
dry coating route involves drawing films directly from MWCNT forest arrays [297,298]. These methods 
are easily scalable. However, they were not used in the field of tribology since they are normally not 
suitable to coat complex geometries such as a journal bearing or surface textures. In this regard, wet 
coating techniques are rather deployed, which always involve the dispersion of the MWCNT in a 
suitable solvent (for example by using ultrasonic agitation) with or without prior particle surface 
functionalization. One of those methods is dip coating [299–301]. In this regard, Mirri et al. [300] have 
performed experiments using Chlorosulfonic acid (CSA) to produce thin conductive, transparent 
MWCNT films on glass substrates. Other techniques are drop casting, spray coating or rod coating. 
The methods basically work by individually placing or randomly spraying droplets of dispersed CNT 
in a solvent onto a surface or by drawing a rod to spread a CNT dispersion over the surface, 
respectively. Subsequently the solvent is evaporated and the CNT remain on the surface [281,302–304]. 
One of the main drawbacks of these techniques is the so-called “coffee stain” formation due to 
Marangoni convection during evaporation of the solvent, resulting in inhomogeneous distribution of 
the CNT coating. In order to reduce this effect, surface heating is often performed so as to speed up 
the evaporation process of the solvent, or it is attempted to change the rheological parameters of the 
colloidal suspension (being described by the “Ohnesorge number”) [302]. Alternatively, the technique 
can be combined with spin-coating or techniques like vacuum filtration [302,305,306]. All of these 
techniques have disadvantages in terms of layer quality, homogeneity or the possibility of process 
up-scaling. Another technique to coat surfaces homogeneously with CNT is CVD [307–309]. However, 
due to its working principle, this process only produces CNT, which are vertically aligned to the 
surface (CNT forests) and it was shown, that horizontally aligned CNT provide a much higher 
frictional reduction compared to CNT forests deposited by CVD [91]. Thus, although this technique 
allows for a homogeneous coating, other techniques should be favored [281,286].  
A very promising technique to produce horizontally arranged, homogeneous CNT coatings is 
electrophoretic deposition (EPD) [310–313]. EPD is based on the motion of charged particles in an 
electric field and their subsequent adhesion/physisorption onto an electrically conductive substrate 
material as illustrated in Fig. 35.  
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Figure 35: Schematic of the electrophoresis principle. Electrodes provide a specific voltage so that charged, 
dispersed particles (colored in red) are deposited on the cathode (+) or anode (-) depending on their surface 
charge [314]. 
 
The process allows for a more homogeneous deposition of CNT compared to drop casting or spin 
coating, has short processing times and is easily up-scalable. In addition, the possibility of coating 
complex surface topographies with a well-defined layer thickness is an important advantage over 
other processes. More theoretical information on the general working principle of EPD can be found 
in Besra et al. [315]. 
For these reasons and since MWCNT coating of substrates is combined with laser surface 
structuring in the present dissertation, EPD is chosen as coating technique in order to 
homogeneously cover surfaces with horizontally arranged CNT. The application of CNT coatings 
using EPD in the field of tribology is a new approach and has not been investigated before.  
Another approach to coat surfaces with CNT is to produce composite coatings, using CNT as 
reinforcement phase in a polymeric or metallic matrix that is then deposited on a surface (e.g. 
electroless plating [316]). This method is extensively deployed in tribology, yielding good results in 
frictional and wear reduction [28,317–322]. However, the effects of a composite coating on the 
tribological behavior are often due to the combination of intrinsic lubrication properties of the CNT 
and their reinforcing effect on the matrix material, which is therefore discussed in general for CNT-
reinforced MMC in section 2.4.3 of the present dissertation.  
ND 
In the literature, a nanodiamond coating is often referred to as nanocrystalline diamond coating 
[240,323,324]. Regarding this, for example, microwave plasma enhanced CVD was used to grow a 
nanocrystalline diamond coating on a silicon substrate, providing low friction and wear [325]. 
However, the literature has to be carefully evaluated when it comes to coatings using ND particles or 
nanocrystalline diamond (nanodiamond film growth), since the latter provides a closed, 
interconnected diamond layer and not individual ND particles. 
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Regarding the deposition of individual ND particles, argon gas spraying of ND with a diameter of 75 
nm onto a steel surfaces has been performed by Gubarevich et al. [290], subsequently performing 
tribological measurements against SiC and Al2O3 balls. It is reported, that low friction and wear 
could be obtained under vacuum as well as ambient conditions. For vacuum, this is explained with 
the assumption of ND being able to form a stable, densely packed layer with low roughness, which is 
covered by oxygen-containing functional groups providing an inert, low adhesion surface. However, 
a more detailed analysis is not given.  
Other than that, EPD is found to be the most important, if not the only technique to mention that has 
been carried out on various substrate materials [326–332]. Not much research has been done in the field 
of tribology with respect to these coatings. Tribological experiments using electrophoretically 
deposited ND on aluminum alloys have been conducted by Kalyanasundaran et al. [331], who found 
an improvement in wear resistance compared to the uncoated surfaces. Despite that, ND are only 
deployed as additive in metallic or polymeric surface coatings [42,333,334]. The beneficial tribological 
properties of these coatings are rather due to the reinforcement of the metallic or polymeric phase 
with ND and will thus be discussed in section 2.4.3 of the present dissertation in the case of ND-
reinforced MMC. 
OLC 
When it comes to OLC-coated surfaces, there is not much literature either. Hirata et al. [36] reported 
on the tribological properties of OLC (see section 2.4.1) that have been spread over a silicon wafer 
without giving further specifications on how the particles were deposited. In contrast, Gubarevich et 
al. [335] describe an OLC coating process by plasma spraying of ND. In this process, high 
temperatures (2700-4500 K) of the ND particles are reached, leading to a transformation to OLC. 
Immediately after transformation, the particles are deposited on a stainless-steel substrate. The 
authors emphasize the use of this coating for solid lubrication. However, the tribological properties 
of the produced coatings are not evaluated. The potential of OLC coatings to function as solid 
lubricant was also postulated by Cabioc'h et al. [336], who developed a process to coat silica substrates 
by synthesizing OLC into silver thin films. This has been done by carbon ion implantation into the 
silver films at 500°C. The subsequent annealing of the silver layer at 850°C is described to lead to a 
silver evaporation, leaving a pure OLC coating on the surface. Nonetheless, a tribological evaluation 
of the coating is not provided. There are also further studies about OLC coatings of substrates, which 
are not related to the field of tribology, such as  Pech et al. [337], who investigated the possibility to 
deposit OLC on Si/SiO2 substrates by EPD, forming homogeneous OLC coatings. Generally, OLC 
coatings are fairly unexplored in the field of tribology. 
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2.4.3 CNP as reinforcing phase in tribology of MMC 
Generally, the disadvantages of solid lubricant coatings are limited lifetime, difficulty in 
replenishment, oxidation or aging-related degradation as well as poor adhesion. Hence, in order to 
overcome these drawbacks, embedding solid lubricants in MMC seems to be an interesting 
alternative approach to create self-lubricating materials [16,21].	Self-lubricating composites in general 
have been already available for many years and find applications for example in bearings, piston or 
cylinder liners in engines [21]. These composites are developing into an important class of tribological 
materials and offer new ways to combat friction and wear under extreme conditions [21].	 In this 
regard, the choice of CNP as solid lubricant is not only due to their interesting intrinsic lubrication 
properties, but, as already discussed in section 2.2.1, also provides numerous possibilities and 
mechanisms to act as reinforcement phase in MMC, especially in the field of mechanical 
reinforcement. For these reasons, CNP are used as reinforcement phase for MMC in the field of 
tribology. In the following, a short overview of the state of the art of this research area is provided 
for each of the three CNP used in the present dissertation.	
MWCNT 
Research in this field has been conducted mainly for CNT reinforced Al, Cu, Cr, Mg and Ni based 
MMC as bulk materials or coatings [27,29,37–40,44,156,160,338–347]. Although many studies have been 
performed on this topic, all providing promising results regarding friction and wear reduction 
irrespective of the used matrix material, not much is known about the occurring tribological 
mechanisms in these systems. Typically, the reinforcement for most tribological applications is done 
with concentrations of up to 20 vol.-% of MWCNT. For one part, the mechanical reinforcement 
effects (which were discussed already in section 2.2.1 of the present dissertation) can lead to an 
increased hardness and strength of the composite, which is usually connected to a reduced 
occurrence of wear [37,38]. Therefore, a fine and homogeneous distribution of CNT in the matrix 
material is what is typically aimed at in order to maximize the grain refinement effect through Zener-
pinning or the Hall-Petch effect as well as the Orowan-strengthening mechanism [16]. For example, 
CNT could hinder the dislocation movement and therefore reduce plastic deformation of the surfaces 
during wear, significantly influencing the predominant wear mechanisms. Accordingly, it has been 
reported, that the wear rate but also the COF decreases with increasing MWCNT content as can be 
seen in the case of Al MWCNT composites in Fig. 36 [160,338,343].  
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Figure 36: a) COF measurements of MWCNT-reinforced Al composites for different MWCNT concentrations 
and b) the corresponding wear rate measurements [338]. 
 
The authors also reported that the wear rate and the COF would decrease with increasing sliding 
speed, whereas an increased normal load would also increase the wear rate but lower the COF. Those 
findings are in good agreement with other studies, working with MWCNT-reinforced Ni or Cu 
[27,160,346]. The mentioned works further correlated the results with the formation of a lubricating 
carbon film on the surface and thus degraded MWCNT. However, other studies that reported on 
similar results, conclude that the used MWCNT were fully intact after tribological testing and argue 
that the beneficial tribological properties were obtained due to the possibility of CNT to perform a 
rolling movement and to act as nano-bearings [322,342]. Again, other works report on the dependence 
of the number of walls of MWCNT deciding on whether the particles degrade or not [156]. Hence, 
although different works came to similar tribological results, different explanations regarding the 
lubrication mechanisms of MWCNT were reported [240].  
Regarding a possible rolling or sliding mechanism of MWCNT, it must be noted that what is 
unfavorable for mechanical reinforcement of composites may be advantageous for a tribological 
optimization. A weak bonding of MWCNT to the metal phase is certainly not beneficial for a 
mechanical load transfer from the matrix to the reinforcement phase (considering the shear-lag 
model). However, it could lead to a free movement and thus easy sliding or rolling of MWCNT 
between the contacting surfaces [16]. In this context, the metallic matrix would function as a solid 
lubricant reservoir that continuously supplies the surface with the lubricant. In the event that a strong 
bonding exists, a rolling or sliding may not occur, while structural degradation of the CNT may arise 
with the formation of a lubricating carbonaceous layer. This may explain why different researchers 
observe beneficial tribological effects for the same composites but provide contradicting 
explanations and findings.  
 For this reason, choosing a metal matrix with a low tendency to form a stable interphase with 
MWCNT might be of great importance for an improvement in tribological behavior of the surface 
regarding a possible rolling/sliding mechanism of MWCNT. Thus, also for this reason, nickel is 
chosen as matrix material in the present dissertation due to its low tendency to form carbides.  
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With respect to this and despite the possibility of CNT to form a lubricious layer, the improvement in 
wear resistance is also often attributed to the role of CNT to act as spacers between the contacting 
surfaces [38,44]. Scharf et al. [44] have performed interesting studies with MWCNT-reinforced nickel 
metal matrix composites (Ni-MMC). The observed frictional results are shown in Fig. 37, measuring 
the COF of the composite against 440C steel balls (Fig. 37 (a)) or against Si3N4 balls (Fig. 37 (b)). 
The corresponding distribution of the MWCNT reinforcement phase is shown in Fig. 37 (c) using 
scanning electron microscopy (SEM) and a chemical verification by Auger electron spectroscopy 
showing Ni (green) and carbon (red) is provided in Fig. 37 (d). It can be noticed that MWCNT are 
present in agglomerated form. Nonetheless, a clear, long-term reduction in the COF is achieved by 
the reinforcement using MWCNT. In addition, it has been found that the formation of a lubricious 
MWCNT layer could act as an oxidation barrier, as oxygen first reacts with carbon and thus hinders 
the formation of NiO. This could reduce the formation of abrasive, oxidic third bodies in the 
tribological contact [44]. Furthermore, the fact that MWCNT are present on the surface of the worn 
composites significantly changes the surface chemistry compared to the unreinforced materials, 
strongly affecting the occurring wear mechanisms of the surfaces regarding effects based on 
adhesion [343]. 
 
Figure 37: COF measurements of unreinforced Ni reference and the MWCNT reinforced Ni composite 
measured with a ball-on-disc tribometer using a) 440C steel balls and b) Si3N4 balls as counterparts. The 
distribution of the MWCNT reinforcement phase in the composite is shown c), which is also validated by 
auger electron spectroscopy in d), with the color green representing the nickel matrix and red representing 
carbon. [44] 
 
Scharf et al. [44] further reported on a structural degradation of the MWCNT under tribological 
contact. The formed lubricious layer is still not further investigated. It is still rather unclear what the 
lubricating layer consists of and how the MWCNT degradation affects the tribological properties of 
the composites. The forming layer is sometimes said to be similar to graphite. However, a 
comparison of MWCNT-reinforced Ni with graphite-reinforced Ni has shown, that the MWCNT 
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reinforcement provides lower COF and wear [345]. Thus, the lubrication mechanism of MWCNT must 
be different from that of pure graphite lubrication. 
Furthermore, Suarez et al [40] have reported about similar friction and wear reducing effects of 
MWCNT-reinforced Ni (processed by HUP and CPS) in the case of short-term tribological 
experiments (200 sliding cycles). They found, that the measured friction and wear reduction could be 
correlated with a formation of an interfacial lubricating carbon layer, which is, however, not further 
specified. Additionally, they referred to the grain refinement effect of the CNT, leading to a higher 
hardness and lower indentation depth of the used alumina ball into the HUP-processed composite 
surface for low loads (up to 100 mN). For higher loads, surface oxidation would play a crucial role 
for the lubricating effect of these composites. In this regard, the samples with a lower mean grain 
size (HUP samples) lost their lubrication effect when measured using 300 mN of normal load due to 
the formation of a closed NiO layer (acting as a high shear strength layer and increasing the COF). In 
contrast, the CPS samples, with a higher mean grain size, showed less oxidation (due to fewer grain 
boundaries and thus less diffusion paths for oxygen) and stayed lubricated under 300 mN of normal 
load. 
In summary, it should be noted that the tribological effects regarding self-lubricating properties of 
MWCNT-reinforced MMC of all the studies in literature vary significantly, due to the different 
measuring conditions (humidity, load, temperature, conformal or non-conformal contact conditions, 
elastic or elasto-plastic contact conditions, etc.), processing parameters (sintering method, dispersion 
method, etc.), and materials (matrix material, mechanical properties, surface roughness, 
microstructure, counter-material, etc.) used, which makes it difficult to fully understand the 
lubrication mechanisms of these composites and to improve the measured promising effects. In this 
regard, Zhang et al. [322] stated in their review paper: “It is hard to ascribe the positive tribological 
role of CNT to any sole cause, as for most cases, if not all, more than one mechanism may work 
simultaneously”. 
ND 
ND have been used as reinforcement phase for various MMC (Al, Ti, Ni, Cu, W etc.) in the field of 
tribology mainly for anti-wear purposes [42,43,348–351]. Generally, the wear reduction is correlated with 
a significant increase in the hardness of ND-reinforced MMC. With increasing amounts of ND 
(typically up to 10 vol.-%), wear resistance is typically improved. These findings can be correlated 
with the strengthening mechanisms of ND as reinforcement phase in MMC that are described in 
section 2.2.1 of the present dissertation as well as the intrinsic high particles hardness. An improved 
wear resistance can also be correlated with the formation of a tribofilm [352]. In this regard, the high 
thermal conductivity of ND can increase heat transfer and thus promote a tribofilm formation, for 
example in the case of ND-reinforced WC-Co or Al composites [351,352].  Thus, the presence of ND 
particles as reinforcement phase can affect chemistry, microstructural evolution as well as the 
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mechanical behavior of the composites [352]. Certain conditions, such as increased temperature or 
nanocrystalline microstructures of the matrix phase have also resulted in increased wear if ND are 
added [42,353]. This increased wear could be explained by the removal of the ND from the matrix 
material, leading to an increased abrasive wear component due to the hard ND particles acting as 
third body or a thermally induced degradation of ND, resulting in a reduction of the hardness of the 
composite [353][42]. A significant frictional reduction, if any, is usually not observed in literature. 
However and in contrast, Kaftelen et al. [351] reported a frictional reduction of up to 50% compared to 
the unreinforced Al reference. This frictional reduction, however, is attributed to the ND-induced 
formation of a lubricious oxide layer on the ND-reinforced Al composites.  
OLC 
So far, there is no literature on OLC-reinforced MMC for tribological applications. However, some 
of the reinforcement mechanisms of CNT and ND are also expected to occur in OLC-reinforced 
MMC. The lubricating properties of OLC as reinforcement phase in MMC are not yet investigated. 
Summarizing, since a mechanical reinforcement effect is expected to occur for all the CNP-
reinforced MMC, a systematic tribological comparison of these composites provides more 
information on the occurring intrinsic lubrication mechanisms of the individual particles. A 
systematic investigation and correlation of the lubrication effects of similar CNP under the same 
conditions has not yet been done in literature and is therefore performed in the present dissertation. 
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3. OVERVIEW  
In the following, the main objectives are linked to the new findings of this dissertation. 
Subsequently, chapter four presents nine self-contained papers, all of which have been published in 
international, peer-reviewed journals and provide a detailed discussion of all results of this 
dissertation. The necessity of the following chapter is to provide a connection of the aforementioned 
publications to the proposed objectives and thus, to give a comprehensive overview and a concise 
summary of the most important results. For a more detailed presentation of the results, combined 
with an in-depth discussion as well as information about the used materials and methods, please refer 
to the attached publications. 
OBJECTIVE 1 
Colloidal mixing appears to be a well-suited approach to satisfy the requirements of objective 1. In 
Fig. 38, a short overview about the research areas addressed in objective 1 is given, which will be 
discussed in the following sections. 
 
Figure 38: Schematic overview of the addressed areas regarding objective 1 of the present dissertation, which 
allow for a full process control and comparative production of CNP-reinforced Ni-MMC. The papers, dealing 
with the respective topics are indicated. 
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CNP DISPERSION AND COLLOIDAL MIXING 
A detailed dispersion analysis and the investigation of the colloidal mixing method are provided in 
PAPER I. In their initial state (as-received), the CNP consist of large particle agglomerates 
(agglomerate diameters of up to 1 mm), which therefore must be de-agglomerated to be processed 
further. De-agglomeration is done by dispersion in ethylene glycol using a shear mixer followed by 
ultrasonic agitation. PAPER I provides a thorough study on this process avoiding particle 
functionalization and investigating the time needed to obtain the finest possible dispersion of CNP in 
the solvent. It is found that there is no difference between the dispersion grade of CNT, OLC and ND 
using the described method. A saturation value of the agglomerate radius is found to settle in at 40-70 
nm after 5 min of shear mixing, followed by 20 min in the ultrasonic bath. Longer treatment times do 
not allow for finer dispersions.  
The dispersed particles are analyzed by Raman spectroscopy with the aim of tracing a possible 
degradation caused by strong shear forces produced by the shear mixer and/or the ultrasonic agitation. 
In this regard, it is shown that even after 2 hours of ultrasonic agitation, no CNP degradation is 
observed. Once the dispersions are taken out of the ultrasonic bath, re-agglomeration of the particles 
starts to occur. Hence, the dispersion stability is further analyzed by sedimentation analysis and zeta-
potential measurements. From these experiments, it is concluded that ND provide the highest 
dispersion stability over time, followed by OLC and finally CNT. For one part, this is explained by 
the different bonding types in CNT and OLC, compared to ND. The π-bonding with a delocalized 
electron cloud in the case of the sp2-hybridized CNT and OLC translates into a higher electrostatic 
interaction of the particles (e.g. Van-der-Waals forces), resulting in a stronger agglomeration 
tendency. Although CNT and OLC dispersions show a similar zeta-potential (resulting from the 
similar electronic configuration), the sedimentation behavior differs strongly, which is related to the 
high aspect ratio of the CNT, inducing an additional mechanical interlocking effect, aiding the re-
agglomeration.  
 
GRAIN REFINEMENT EFFECT AND CNP DISTRIBUTION ANALYSIS IN MMC 
After determining the proper dispersion and blending route, composite samples are processed by HUP 
and the distribution of CNP in the metal matrix as well as the microstructure and mechanical 
reinforcement effect are analyzed. Regarding the CNP distribution and agglomerate sizes, the findings 
of the sedimentation analysis are verified, with ND providing the smallest agglomerates within MMC, 
followed by OLC and finally CNT. However, even though ND provide smaller agglomerates, both, 
OLC as well as ND agglomerates are distributed homogeneously, compared to CNT. This fact 
translates into a more pronounced grain refinement effect in the case of ND and OLC. The similar 
grain size distribution for ND and OLC is reasonable, since the grain refinement effect is rather 
dependent on the agglomerate distribution (as well as morphology) within the material than the 
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absolute agglomerate size. In contrast, the agglomerate size determines the development of the 
particle dispersion strengthening mechanism and thus the mechanical reinforcement effect. For this 
reason, the highest hardness increase (compared to the unreinforced Ni reference) is achieved for ND, 
followed by OLC and finally CNT reinforcement. From PAPER I, it is finally concluded that a low 
aspect ratio (0-D) and an sp3 carbon hybridization is beneficial for a homogeneous, fine distribution of 
CNP within MMC, leading to strongly pronounced grain refinement and an improved mechanical 
reinforcement effects. 
PAPER III provides further analysis regarding the manufacturing of CNP-reinforced MMC with 
different CNP concentrations, ranging from 0.5 vol.-% up to 10 vol.-%. This is done in order to 
investigate the evolution of the grain refinement effect as a function of the used CNP type and 
concentration, and thus to predict and control the microstructure of the resulting composites. With 
increasing CNP concentration, the mean grain size of the composites decreases. However, it is 
confirmed that the strongest grain refinement effect can be observed for ND and the weakest for CNT, 
when comparing the same particle concentrations. Furthermore, different saturation concentrations 
are found. If the saturation concentrations are exceeded, the grains become coarser again due to the 
higher tendency of the particles to form larger agglomerates (due to a shorter mean re-agglomeration 
free path). In the case of CNT, this concentration is 3 vol.-%, whereas up to 6.5 vol.-% and 10 vol.-% 
are achievable for OLC and ND, respectively. This behavior is explained by the same facts and 
findings from PAPER I. However, the acquired experimental data is additionally used to adapt a 
modified Zener model, predicting the mean grain sizes of the composites as a function of the CNP 
type and concentration for concentrations lower than the individual saturation concentration.  
Despite a process control based on the particle type and concentration, a way has been found allowing 
for the production of CNP reinforced MMC featuring the same mean grain size and hardness 
irrespective of the used CNP type and concentration in PAPER VIII. This is achieved by choosing a 
lower sintering temperature (700°C instead of 750°C), which results in a reduced driving force of 
grain growth and thus prevents differences in the extent of the Zener pinning effect when using 
different CNP types, concentrations and distributions. This finding is very important in order to be 
able to compare the composites tribologically, excluding any effect of differences in their 
microstructure or mechanical reinforcement. 
 
ND TO OLC TRANSFORMATION 
In PAPER II, a way is found to take advantage of the beneficial homogeneous distribution and small 
agglomerate sizes of ND in MMC, and apply it to OLC-reinforced composites. This is done by first 
manufacturing ND-reinforced Ni-MMC and subsequently transforming ND to OLC within the 
already sintered composite by annealing.  
The ND reinforced sintered composites are annealed at different temperatures from 750°C up to 
1300°C and the ND agglomerates are analyzed by UV Raman spectroscopy. With increasing 
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annealing temperature, the diamond band of the Raman spectrum vanishes and the disorder-induced 
D-band starts to be observed. At the same time, the wavenumber of the upshifted G-band of sp2-
hybridized carbon (from the outer shell of the ND particles) is reduced until reaching 1588 cm-1 after 
annealing at 1300°C. This observation clearly agrees with the transformation of ND powder towards 
OLC, reported in literature. The findings are supported by TEM analysis, verifying the presence of 
OLC within the MMC after annealing at 1300°C. Additionally, XPS measurements of the samples 
annealed at 750 °C and 1300°C confirm a change of the sp2-hybridized carbon content from 31.1 % to 
84.2 %, respectively. Comparing these results to the Raman analysis, it becomes clear, that the sp2 to 
sp3 carbon hybridization ratio can be tuned as a function of the annealing temperature of the 
composite. It is the first time in literature that the transformation process of ND to OLC within an 
MMC has been investigated and reported.  
All these findings allow for full process control of CNP Ni-MMC manufacturing by colloidal mixing 
and HUP, avoiding particle functionalization, minimizing particle degradation and enabling a fine 
and homogeneous particle distribution as well as a microstructure prediction of the produced MMC.  
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OBJECTIVE 2 
In order to achieve objective 2, an extensive tribological characterization of the composites is 
necessary. In this regard, Fig. 39 provides an overview of which areas are addressed in the present 
dissertation in order to understand the tribological behavior of the composites and to create self-
lubricating surfaces.  
 
Figure 39: Schematic overview of the addressed areas of the present dissertation, which enable for the 
understanding of the lubrication mechanisms involved in self-lubricating surfaces based on CNP. The papers, 
dealing with the respective topics are indicated 
 
MICROSTRUCTURAL INFLUENCE 
As a first step, a tribological comparison of CNT-reinforced Ni-MMC and CNT-coated Ni is 
performed in PAPER IV. The coating is done by drop casting a CNT dispersion on a Ni surface. 
Compared to the unreinforced CNT-coated Ni, the CNT-reinforced MMC provides a refined 
microstructure with CNT stored within the composite. In both approaches, CNT are present in the 
direct tribological contact area and thus, the investigation allows for the analysis of the influence of a 
refined microstructure on the tribological behavior of these surfaces. For the CNT-coated and the 
CNT-reinforced surface, the same frictional reduction is observed for the first 200 sliding cycles. Due 
to this, it is concluded that the frictional behavior is dominated by the presence or absence of CNT in 
the tribological contact and not by the microstructure. This observation is supported by the findings of 
the long-term experiments (20000 sliding cycles), where a frictional reduction is noticed exclusively 
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for the CNT-reinforced samples. For the CNT-coated surfaces, the breakdown in lubrication can be 
explained by the CNT being removed from the contact zone, which is verified by SEM analysis of the 
wear tracks. In the case of the CNT-reinforced composites, a continuous supply of CNT allows for a 
long-term lubrication of the contact.  
However, as discussed earlier, a smaller mean grain size of CNP-reinforced samples leads to a higher 
amount of grain boundaries, acting as diffusion paths for oxygen and thus favoring surface oxidation 
during a tribological experiment. This is shown in PAPER VIII. For high, non-conformal loading 
conditions (8N) and medium relative humidity (45%), a refined microstructure of a CNP-reinforced 
composite tends to form a homogenous oxide layer during the tribological experiment, whereas this is 
not observed for the coarse grained, unreinforced Ni reference. When choosing the MMC processing 
parameters to produce CNP-reinforced MMC with the same mean grain size, irrespective of the CNP 
type and concentration, a frictional reduction is only possible for the CNT-reinforced composites. For 
the reference, ND and OLC reinforced samples, the same tribological behavior is observed under 
various experimental conditions. These findings underline the statement that the microstructure 
affects the frictional behavior of CNP-reinforced composites to a rather minor degree and only due to 
induced differences in the surface oxidation behavior. 
 
PROTECTIVE COATINGS AND TAILORED SURFACE DESIGN 
Aiming towards a more detailed understanding of the lubrication mechanism of CNP-containing 
surfaces, the influence of the surface roughness as well as deterministic surface designs on the 
lubrication activity of CNP is investigated in PAPER V, VI, VII and IX. For this purpose, the 
different surfaces are coated using EPD in order to create homogeneous coatings with a defined 
thickness, allowing for copying of the generated surface topographies. 
• Surface roughness: 
It is found in PAPER VI, that the high aspect ratio and flexibility of 1-D CNT particles is beneficial 
for a constant lubrication, irrespective of the given surface roughness, since the particles can be 
dragged into the direct tribological contact region thus efficiently separating the contacting surfaces. 
Even though 0-D particles can separate the contacting surfaces and lubricate the contact by 
sliding/rolling, they lose this ability when interacting with a surface roughness higher than the particle 
diameter. Hence, with a particle diameter of 10 nm (at maximum) for OLC, the lubrication of 
technical surfaces or wear-subjected composite surfaces is not possible, which is also confirmed in 
PAPER VIII. The intrinsic lubrication mechanism of CNT is further found to be a mixture of two 
mechanisms. For one part, CNT are found oriented perpendicular to the sliding direction of the 
surfaces, separating the surfaces and being able to perform a sliding/rolling movement. For the other 
part, degraded CNT are found oriented parallel to the sliding direction of the surfaces, forming a 
lubricating graphitic carbon layer.  
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• Surface design: 
Since the surface topography plays an important role for the lubrication activity of the CNP, a 
deterministic surface topography is created on a steel surface by DLIP using a nanosecond laser or by 
DLW using a femtosecond laser, which is thoroughly analyzed in PAPER V, VII and IX. Because of 
the aforementioned reasons, the as-produced line-like surface structures are coated exclusively with 
CNT and not OLC or ND. Using EPD as a coating technique, it is shown by focused ion beam (FIB) 
cross-sections and SEM, that the laser patterning-induced surface topography is copied 
homogeneously by the CNT coating. The coating of these surfaces with CNT is done for two reasons: 
First, the possibility to create self-lubricating surfaces throughout versatile structuring and coating 
techniques using CNT should be evaluated. Second, the surface state of a composite-type surface 
should be imitated and simplified by a periodic surface design in order to allow for a more detailed 
understanding of the lubricating mechanism of CNP reinforced composites. In this regard, a large 
amount of CNT agglomerates in CNT-reinforced MMC feature a diameter of 1 µm or more (similar 
to the produced line-like surface structures with a depth of 1 µm). Furthermore, since the CNT are not 
chemically or physically bonded to the surrounding Ni matrix, the created laser-patterned, CNT-
coated surfaces can be considered similar to the CNT-reinforced composite surfaces. 
It is found, that the CNT coating and laser patterning act synergetically. Although bare patterning or 
coating fails in terms of continuous friction reduction, long-lasting lubrication is achieved by 
combining both approaches (frictional reduction of up to a factor of 4 compared to the reference). 
The CNT coating is further found to act as a tribo-chemical protection layer, efficiently separating 
the surfaces, hindering the surfaces from strong oxidation (by acting as an oxygen diffusion barrier) 
and reducing the formation of oxidic wear particles. Hence, wear of the laser patterning induced 
surface topography is slowed down due to the CNT coating. Nevertheless, oxidic wear particles do 
form, but they are trapped in the surface depressions of the laser structure and thus are transferred 
out of the tribological contact. Additionally, the created surface depressions of the laser patterns act 
as solid lubricant storage, supplying the surface continuously with pristine CNT (as in the case of 
CNT-MMC surfaces) thus prolonging the longevity of the lubrication effect significantly (more than 
five times compared to the CNT-coated, unpatterned surface).		
In this regard, a schematic model of the lubrication mechanism of the surfaces is provided in PAPER 
V. The general lubrication mechanism of the surface is based on elastic compression and restoration 
of CNT bundles, stored inside of the surface depressions and being continuously dragged into the 
direct tribological contact due to their high aspect ratio and flexibility. Raman analysis of the CNT in 
the wear tracks provides further insights onto their degradation mechanism, which is correlated to a 
three-stage amorphization trajectory model (see section 2.1.4). According to this model, 
nanocrystalline graphite is formed when CNT are tribologically stressed. In PAPER IX, the 
lubrication effect of CNT is discussed further and is found to act on a mixture of rolling/sliding of 
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CNT and graphitic lubrication by degraded CNT, which is presented in detail in a schematic model 
within this paper. In this regard, the degradation process of CNT, forming nanocrystalline graphite is 
very important, since pristine CNT can slide/role on top of formed graphitic layers, reducing the 
friction to COF values lower than what would be expected for a pure graphite-based lubrication. 
Comparing the surface structures achieved using a nanosecond or femtosecond laser, a different laser-
material interaction is observed. The ablation process of the femtosecond laser translates into the 
creation of surfaces with a higher load-bearing capacity. Hence, surfaces can be produced, which 
resemble even more the surfaces of CNT reinforced composite. In order to investigate the effect of the 
stored solid lubricant volume on the longevity of the lubrication effect, two different structural depths 
(1µm and 3µm) are chosen. Unexpectedly, the surfaces with less deep structures provide longer 
lubrication compared to the surfaces with deeper structures. Despite other influencing aspects 
discussed in PAPER VII, the steeper slope of the surface depressions of the deeper structures is 
found to be too high to allow for an elastic compression and restoration of the CNT bundles and thus 
the efficient supply of the contact with the solid lubricant.  
Since the CNT-coated surfaces are similar to the CNT-reinforced composite surfaces, the presented 
lubrication mechanism models of PAPER V, VII and IX can be transferred to composite-type 
surfaces as well.  
 
SELF-LUBRICATING MMC, STRESS COLLECTIVE AND CONTACT SITUATION 
For a detailed investigation of the tribological behavior of CNP-reinforced MMC, the composites are 
reinforced with different concentrations of CNP (5, 10 and 20 vol%) and exposed to different 
geometrical contact situations (conformal and non-conformal), different relative humidities (4% and 
45%) and different loads (in order to achieve fully elastic or elasto-plastic contact conditions) in 
PAPER IV, VIII and IX. 
• CNP concentration: 
In PAPER VIII, it can be seen that effective lubrication is observed only for CNT. The lubrication 
effect is more pronounced for higher concentrations, which is in good agreement with the findings of 
PAPER IV. Neither for ND nor for OLC, is a significant lubrication effect observable, which is 
explained by the particles being too small to be successfully brought into the tribological contact in 
order to separate the surfaces. 
• Relative humidity: 
The composites are investigated under different relative humidity in PAPER IV, VIII and IX, 
actively avoiding (in low humidity) or allowing (in medium humidity) for a graphite-based 
(intercalation/delamination) lubrication, respectively. Exclusively for CNT-reinforced composites, 
effective and constant lubrication is given under all tested conditions and particle concentrations. This 
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is explained with the high versatility of the lubrication mechanism of CNT. In the case of low 
humidity, lubrication is based on sliding/rolling of CNT on top of graphitic layers (which were 
formed by degraded CNT). For higher relative humidity, the lubrication is a mixture between 
sliding/rolling of CNT and a graphite-based lubrication.  
• Geometrical contact situation: 
Both, non-conformal and conformal contact conditions are analyzed in PAPER VIII and IX, 
respectively. In both cases, an effective lubrication is given for CNT. The lubrication is even more 
pronounced for conformal contact conditions, since a higher amount of CNT is present, lower contact 
pressures are applied and the surfaces can be separated more easily by CNT. 
• Loading condition: 
The contact loading is chosen based on contact mechanics simulations using the Jackson-Green 
model (using an Al2O3 ball as counter material) in PAPER VIII. In this simulation, the mechanical 
properties as well as the measured surface topographies of the contacting surfaces are taken into 
account. For a normal load of 100 mN, the composite bulk material behaves fully elastic whereas an 
elasto-plastic contact regime is reached at 8 N normal load. For low loads and relative humidity, the 
presence of CNT decreases a tribologically-induced surface oxidation as it has already been shown 
for the CNT coatings in PAPER IV, V and VII, which is not given for OLC- or ND-reinforced 
MMC. The lubrication mechanism of CNT in these composites is found to be based on the same 
mechanisms as in the laser-structured, CNT-coated surfaces, whereas the lubrication mechanism of 
the surfaces exposed to higher loads slightly differs. This is due to the formation of a homogeneous 
tribo-layer in all the CNP-reinforced composites, consisting of homogeneously intermixed Ni, NiO 
and carbon, which is investigated using TEM and EDS analysis. It is further observed, that cracks are 
formed within this layer, leading to the formation of individual, loosely-bonded sheets, which can 
freely move on top of each other or the substrate surface. The lubricating effects for	CNT-reinforced 
composites is explained with the high aspect ratio and the possibility of CNT to be dragged in 
between the formed surface sheets, allowing the sheets to slide upon each other or the substrate due 
to the already described, intrinsic lubrication mechanism of CNT. 
• Sliding speed: 
Different linear sliding speeds are used in PAPER IV, V, VI, VII, VIII and IX from 1 mm/s, over 1 
cm/s up to 1 m/s. Regardless of whether the surfaces are coated with CNT or reinforced with CNT, 
effective lubrication is provided in all cases, rendering the general lubrication effect insensitive to 
sliding speeds within these ranges. 
 
All this highlights CNT as a very versatile solid lubricant, which can be used under various contact 
situations and environmental conditions in order to successfully create self-lubricating surfaces. 
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Even though they have shown homogeneous distribution, a high mechanical reinforcement effect and 
also potential lubrication effects, ND and OLC are not suited for self-lubricating surfaces. 
Summarizing, a continuous supply of CNP into the tribological contact is the most important thing to 
consider for CNP based self-lubricating surfaces, which can be achieved by CNP coated surfaces 
with a deterministic surface topography and/or CNP reinforced-MMC. Only for CNT, an effective 
lubrication is given irrespective of all tested loads, speeds, surfaces, materials, relative humidity or 
contact mechanics. This can be explained with the high aspect ratio of CNT, allowing them to be 
dragged into the tribological contact. Lubrication is achieved for all conditions due to the different 
possibilities of CNT to lubricate the contact (particle sliding/rolling and/or graphite-based 
lubrication).  
 
OBJECTIVE 3 
The findings of ALL PREVIOUS PAPERS are combined in this final objective in order to create 
application-oriented advanced self-lubricating surfaces based on CNP in PAPER IX. This is achieved 
by manufacturing CNT-reinforced composites with a volume concentration of 20% based on the 
performance shown in PAPER VIII, laser structuring the composite surfaces using the femtosecond 
laser with a structural depth of 1 µm found in PAPER VII and subsequently coating the surface 
structures homogeneously by EPD with CNT in order to protect the surface and to reduce surface 
oxidation, as developed in PAPER V, VI and VII. Based on this development, a prototypical self-
lubricating material has been processed and machined to be tested in a macroscopically loaded (20 N) 
conformal contact situation (similar to real testing conditions of a technical journal-type bearing). 
Continuously self-lubricating surfaces are produced, allowing for a maximum permanent reduction in 
friction and wear by a factor of 4 and 115, respectively, compared to a pure Ni surface with the 
lubrication mechanisms being fully understood.  
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4. INCLUDED PAPERS  
4.0  Outline	 
I 
 
Colloidal mixing is found to be a suitable technique for the processing of CNP-reinforced 
Ni-MMC with the dispersion process and the distribution of CNP in MMC being 
extensively analyzed. A functionalization or degradation of CNP can be avoided, still 
allowing for homogeneous particle distributions within the MMC. 0-D CNP and an sp3- 
hybridization allow for the most homogeneous distributions, the smallest mean grain size 
and highest mechanical reinforcement effect.  
 
II 
 
The homogeneous distribution of ND in PAPER I is transferred to OLC by first 
manufacturing ND reinforced Ni-MMC and subsequently transforming ND to OLC 
within the already sintered composite by annealing. It is the first time in literature that the 
transformation process of ND to OLC within an MMC has been investigated. 
  
III 
 
The influence of CNP concentration on their distribution as well as the grain refinement 
effect is analyzed based on the processing method of PAPER I. Using the acquired 
experimental data, a modified Zener-model is introduced, predicting the mean grain sizes 
of the composites as a function of the CNP type and concentration and allowing for full 
process control of CNP Ni-MMC manufacturing.  
 
IV 
 
With the findings of PAPER I and III, a tribological comparison of CNT reinforced Ni-
MMC and CNT-coated Ni (by drop casting CNT on a pure Ni sample) is conducted. It is 
found that a refined microstructure plays only a minor role regarding its effect on a 
frictional reduction. Much more important is the general presence or absence of CNP in 
the tribological contact. A continuous supply of CNP into the tribological contact is the 
most important thing to consider for CNP-based self-lubricating surfaces. 
 
V 
 
Based on PAPER IV, a simplified surface situation, comparable to CNT-reinforced 
composites, is reproduced, allowing for a more detailed understanding of the lubrication 
mechanism. This is achieved by creating a deterministic surface topography on steel 
surfaces using DLIP, subsequently coating these surfaces by electrophoretic deposition 
with CNT, copying the surface topography by the CNT coating. A schematic model, 
describing the lubrication mechanism of these surfaces is presented and the longevity of 
the lubrication is significantly extended (factor of 5) compared to unpatterned surfaces. 
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VI 
 
The influence of surface roughness on the lubrication activity of 0-D and 1-D CNP is 
investigated. It is found that the high aspect ratio of 1-D particles is beneficial for a 
constant lubrication irrespective of the given surface roughness, since the particles can be 
dragged into the direct tribological contact region thus efficiently separating the 
contacting surfaces. 0-D particles lose their ability to lubricate the contact if a surface 
roughness higher than the particle diameter is reached.  
 
VII 
 
Based on the findings of PAPER V and VI, different surface designs are created by 
DLW using a femtosecond pulsed laser system. The created surfaces provide a higher 
load bearing capability than the surface of PAPER V. However, only for a specific 
surface design an efficient lubrication and a further prolongation of the lubrication effect 
up to almost 100 000 sliding cycles under the given loading conditions is achieved. 
 
VIII 
 
Based on the findings of PAPER I, III and IV, CNP reinforced Ni-MMC are produced 
with different CNP concentrations, all having the same microstructure. Using contact 
mechanics simulations and taking into account the mechanical properties and the surface 
topographies of the composites, tribological measurements under fully elastic and elasto-
plastic contact conditions are conducted. Additionally, the composites are investigated 
under different relative humidity, actively avoiding (in low humidity) or allowing (in 
medium humidity) for a graphite-based lubrication. Exclusively for CNT reinforced 
composites, effective and constant lubrication is given under all tested conditions and the 
lubrication and wear mechanisms of the individual composites are investigated and 
discussed in detail using various high-resolution characterization methods. 
 
IX 
 
The findings of ALL PREVIOUS PAPERS are combined in this final work in order to 
create advanced self-lubricating surfaces based on CNP. This is achieved by 
manufacturing the most promising CNT reinforced composites of PAPER VIII, laser 
structuring the composite surfaces using the surface design of PAPER VII and 
subsequently coating the surface structures by EPD with CNT, which was developed in 
PAPER V, VI and VII. This way, constantly self-lubricating surfaces are produced, 
allowing for a maximum reduction in friction and wear by a factor of 4 and 115, 
respectively, compared to a pure Ni surface. Additionally, the lubrication and degradation 
mechanism of CNT in a tribological contact is investigated and presented in detail by 
Raman analysis in a schematic model. 
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Dispersion analysis of carbon nanotubes, carbon
onions, and nanodiamonds for their application as
reinforcement phase in nickel metal matrix
composites
L. Reinert,*a M. Zeiger,ab S. Sua´rez,a V. Presserab and F. Mu¨cklicha
Dispersions of multi-wall carbon nanotubes, onion-like carbon, and nanodiamonds in ethylene glycol are
produced using a homogenizer and an ultrasonic bath, altering the treatment time. The dispersed particles
are then used as reinforcement phase for nickel matrix composites. These nanoparticles are chosen to
represent diﬀerent carbon hybridization states (sp2 vs. sp3) or a diﬀerent particle geometry (0D vs. 1D).
This allows for a systematic investigation of the eﬀect of named diﬀerences on the dispersibility in the
solvent and in the composite, as well as the mechanical reinforcement eﬀect. A comprehensive suite of
complementary analytical methods are employed, including transmission electron microscopy, Raman
spectroscopy, dynamic light scattering, sedimentation analysis, zeta-potential measurements, scanning
electron microscopy, electron back scatter diﬀraction, and Vickers microhardness measurements. It can
be concluded that the maximum achievable dispersion grade in the solvent is similar, not altering the
structural integrity of the particles. However, nanodiamonds show the best dispersion stability, followed
by onion-like carbon, and ﬁnally multi-walled carbon nanotubes. The distribution and agglomerate sizes
of the particles within the composites are in good agreement with the dispersion analysis, which is ﬁnally
correlated with a maximum grain reﬁnement by a factor of 3 and a maximum mechanical reinforcement
eﬀect for nanodiamonds.
1. Introduction
Tailoring of the physical properties of composite materials has
been an extensively studied topic over the last decades. Lately,
carbon nanomaterials have been introduced as very promising
reinforcement candidates in composites to increase strength,1–3
hardness,4–6 electrical and thermal conductivity,5,7,8 thermo-
mechanical stability,9 and reduce friction and wear.10–12 Carbon
allotropes can be found in a wide range of morphologies and
congurations; they are also attractive reinforcement phases
mainly due to their outstanding properties and low density
compared to other reinforcement materials.13–15
For our work, we focus on three types of carbon nanoparticles
(CNPs), namely multi-wall carbon nanotubes (MWCNT),16 nano-
diamonds (ND),15 and onion-like carbons (OLC).17 CNTs can be
described as helical hollow cylinders of graphitic carbon (sp2-
hybridized) having one or multiple shells and a high aspect ratio
(i.e., quasi one-dimensional).16 ND are spherical diamond nano-
particles with a diamond lattice spacing of 0.21 nm and a primary
particle diameter of around 5 nm (i.e., quasi zero dimensional).15
Due to the synthesis via detonation reaction, ND are covered with
functional groups and amorphous carbon layers. ND particles
also can form agglomerates with sizes up to hundreds of nano-
meters.18 Thermal annealing in inert atmosphere or vacuum
allows to transform ND to OLC.19 The latter are also known as
carbon onions and can be understood as multi-shell fullerene
nanoparticles (i.e., quasi zero dimensional) with a typical spacing
of 0.34–0.36 nm between the outer shells.20,21 Depending on the
synthesis method and conditions, the ratio between sp3- and sp2-
hybridized carbon can be tuned, as well as the degree of carbon
ordering.19,22,23
We chose these three particular CNPs as they show either
a diﬀerent carbon hybridization state or a diﬀerent particle
geometry. This allows for a systematic investigation of the eﬀect
of those diﬀerences on the particle distribution and the prop-
erties in a composite material.
Since a ne and homogeneous distribution of the particles is
required to achieve an optimum reinforcing eﬀect,8 the main
drawback of working with CNPs is their notorious tendency to
agglomerate due to intermolecular forces like dipole–dipole
forces or van-der-Waals forces.24–26 This behavior is highly
dependent on the synthesis conditions.18,19,22,23 CNP agglomer-
ates tend to reduce the intrinsic properties of the CNP and also
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the matrix–reinforcement interface.8 Hence, nding a way to
eﬃciently disaggregate and distribute CNPs within a matrix
material without signicantly altering their structure or prop-
erties is the key to fully exploit the potential of CNP composites.
There are twomayor strategies for facile CNP de-agglomeration:
mechanical milling and dispersion in solvents. Focusing on sp2-
hybridized CNPs, mechanical milling (e.g., ball milling) is known
to unbundle agglomerates eﬃciently, but this process also aﬀects
the particlemorphology and defect state, in particular for CNT and
OLC.27–29 The second possibility can be sub-classied into two
alternatives: (1) the nanoparticles can be functionalized (covalently
or non-covalently), or (2) be dispersed in a suitable solvent without
prior functionalization.30 The covalent functionalization implies
the dissociation of a C–C bond or the utilization of dangling bonds
to enable surface functionalization (e.g., hydroxyl, carboxyl or
carbonyl groups), rendering the particles dispersible. This treat-
ment procedure involves the opening of the structure, generating
a weak point where the particle might mechanically fail. Further-
more, it does not only aﬀect the mechanical properties of the
particle, but many physical properties of the CNPs are diminished
as well.31–33
All of the CNPs in this study show a strong tendency to
agglomerate in their native (as received) form. In case of CNTs,
their high aspect ratio, high exibility, and strong attractive
forces lead to a strong tendency to form bundles.24,25 During
unbundling, to avoid a change of the graphitic structure, it is
possible to functionalize the CNT non-covalently by phys-
isorption of molecules. This implies the use of surfactants,
polymers, or organic molecule wrapping.34–37 In several studies,
the optimum CNT/solvent ratio for diﬀerent solvents has been
studied and some solvent systems have been identied that do
not require prior carbon functionalization.30
Detonation nanodiamonds also show a strong tendency to
form agglomerates.26 During the synthesis, the detonation wave
during the synthesis may generate dangling bonds at the
surface of the ND that react and form covalent interparticle
bonds, graphitic shells or surface functional groups which
interact via dipole–dipole or van-der-Waals forces leading to
agglomerates.26 Similar to CNT, one way to disperse NDs is by
covalent functionalization; depending on the target solvent, one
would adapt either hydrophobic or hydrophilic functional
groups on the surface of ND particles.38,39 This can for example
be achieved by using organic molecules like polymer brushes of
polystyrene and poly(t-butyl methacrylate)40 or by an esterica-
tion reaction of carboxylic acid chlorides on hydroxylated
nanodiamonds.41 Also a non-covalent functionalization of ND is
possible, using diﬀerent kinds of surfactants combined with
prior chemical or thermal oxidation.39,42,43
OLCs derived by thermal annealing of ND also tend to form
agglomerates; depending on the applied synthesis conditions,
agglomeration is a result of onsetting particle–particle sintering
and strong intermolecular forces.19,22,23 Covalent functionaliza-
tion may strongly improve the solubility of carbon onions in
suitable solvents; for example, Liu et al. successfully used
uorination to severely improve the solubility in organic
solvents.44 It is also possible to use a surfactant like polyacrylic
acid to signicantly reduce agglomeration of OLCs.29
Our work was motivated by the need to nd improved ways
to modify metal matrix composites by employing suitable CNP
materials. We exemplify the potentials and limitations of CNT,
OLC, or ND nanoparticles for nickel matrix composites. As
a rst step, we employed a homogenizer and ultrasonication to
derive dispersions of CNT, OLC, or ND in ethylene glycol. We
excluded chemical post-synthesis treatment since the latter
prohibits a proper analysis of the inuence of the hybridization
state of carbon atoms and the particle geometry on the particles
dispersion. Such post-synthesis treatments would also add an
additional step to the process while our goal was to explore the
facile production of composite materials. To the best of our
knowledge, this is the rst systematic comparison of the
dispersion of CNTs, OLCs, or NDs in a metal matrix. Dynamic
light scattering (DLS) was used to determine the particle
agglomeration sizes in the solvent. Additionally, the stability of
the dispersions was investigated by sedimentation analysis and
zeta-potential measurements. The structural integrity of the
particles was analyzed by Raman spectroscopy as a function of
the processing time by the homogenizer or the ultrasonic bath.
Aer this step, we adapted the CNPs to a sintered nickel matrix
composite. We correlated the results from the comprehensive
particle characterization with the distribution of the particles
within the nickel matrix, the obtained microstructure, and the
resulting mechanical reinforcement eﬀect analyzed by scanning
electron microscopy (SEM), electron back scatter diﬀraction
(EBSD), and Vickers microhardness measurements. Nickel was
chosen as matrix material as it forms only metastable carbides
under very specic conditions, therefore being suited for a rein-
forcement based on CNPs with the parasitic emergence of inter-
phases.45 Additionally, the distribution of reinforcing particles in
a metal matrix composite as well as their properties strongly
inuences the development of the reinforcing eﬀect.46 Therefore,
for their subsequent utilization as precursors in composite
materials manufacturing, it is of utmost importance to under-
stand the disaggregation and colloidal stability of diﬀerent (non-
functionalized) CNPs in solvents.
2. Experimental
2.1 Processing
In this work, dispersions of MWCNT (Baytubes C150P from
Bayer, purity > 95%, individual particle diameter of 5–20 nm),
ND (NaBond Technologies Co., purity > 98%, individual particle
diameter 4–8 nm), and nanodiamond-derived OLC19 in ethylene
glycol were analyzed. OLC were synthesized from the same ND
powder mentioned before by annealing the material in graphite
crucibles (30 mm in diameter and 20 mm in height) in
a vacuum furnace with tungsten heaters (model: 1100-3580-W1,
Thermal Technology Inc.) using a heating and cooling rate of 15
!C min"1. The chamber pressure is between 10 mPa and 100
mPa. OLC are synthesized at 1750 !C with a holding time of 3 h.
For the dispersion process, we used a homogenizer (WiseTis,
Witeg) and an ultrasonic bath (Sonorex Super RK 514 BH by
Bandelin, 860 W, 35 kHz). In case of ultrasonic treatment, the
strong shear force that can exfoliate the agglomerates comes
from cavitation, which leads to a process of bubble formation,
95150 | RSC Adv., 2015, 5, 95149–95159 This journal is © The Royal Society of Chemistry 2015
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growth, and collapse. The eﬃciency of this process can be
correlated to the solvent parameters like viscosity, vapor pres-
sure and surface tension, as well as the time, sonication
frequency, and intensity.30 Some of the most promising solvents
for stable dispersions, like dimethylformamide (DMF), are
highly toxic, which is complicating cost eﬀective large-scale
applications.30 The solvent ethylene glycol has already been
used successfully in other works and is not toxic.47 Furthermore,
polyole like ethylene glycol allow for a subsequent functionali-
zation of carbon nanoparticles or the deposition of metal
particles onto the carbon nanoparticles, establishing the
possibility of further research work on this topic.47 Hence,
ethylene glycol is a versatile solvent and was therefore chosen
for the present work. The concentration was kept constant for
all three diﬀerent CNP materials at 0.006 vol%. This is calcu-
lated aer having measured the densities by gas pycnometry
with a Micromeritics AccuPyc 1330 gas pycnometer using
helium (purity grade: 5.0). Before, the powders were dried in
a furnace at 120 !C for 1 h to remove any amount of adsorbed
water. Aer ten purges, each sample was analyzed by 20 sepa-
rate measurements with a ll pressure of 134 Pa and an equil-
ibration rate of 34 Pa min"1. The measured skeletal densities
were 1.92 # 0.01 g cm"3 for CNT, 1.97 # 0.03 g cm"3 for OLC,
and 3.30 # 0.01 g cm"3 for ND.
The obtained dispersions were used to manufacture nickel
matrix composites with Ni dendritic powder (Alfa Aesar, "325
mesh) with a particle volume content of 6.5%. This volume
content is equivalent to 1.48 mass% of CNT, 1.52 mass% of OLC
and 2.51 mass% of ND. The importance of the utilization of the
volume fraction lies in the fact that it is the most direct way to
compare the behavior to other composites (other matrices). In
order to allow for a proper comparison of diﬀerent carbon
nanoparticles in the same metal matrix system, the volume
amount of particles in the systemmust be kept constant instead
of the mass fraction. A maximum reasonable concentration of
CNTs in the nickel matrix was found to be 3 mass%, which is
equivalent to about 12.5 vol%.45 With this concentration,
a density of 98% could be reached and a the grain renement
eﬀect was maximized using nickel matrix composites. Higher
concentrations lead to a decrease of the reinforcement eﬀect
due to a more pronounced re-agglomeration of the CNTs.45
Based on this fact, a medium amount of the reinforcing carbon
nanoparticles was chosen in this study.
Aer evaporating the solvent of the dispersions in a furnace
at 150 !C, the powder was pressed to green pellets (pressure of
990 MPa) which can be sintered in a hot uniaxial press (axial
pressure of 264 MPa) in vacuum (2 $ 10"6 mbar) at 750 !C for
2.5 h. More information on the synthesis process is provided
elsewhere.48
2.2 Characterization
Samples were analyzed as a powder dispersed on lacey carbon
grids using transmission electron microscopy (TEM) (JEOL
2100F) operated at 200 kV.
To characterize the dispersion in ethylene glycol, the
hydrodynamic radius of the particle agglomerates in the solvent
is measured using dynamic light scattering (ALV Compact
Goniometer) with a wavelength of 532 nm as a function of the
time spent in the homogenizer or the ultrasonic bath. All
spectra were recorded directly aer the dispersion process to
represent the dispersion state at this time. These results were
then correlated to the sedimentation characteristics of the
particles, measured using a Lumisizer (LUM GmbH) with 200–
4000 rpm and a wavelength of 470 nm, taking %24 h until all
particles had settled. The dispersion stability was investigated
by zeta-potential measurements with a particle charge detector
(Mu¨tek PCD-03 pH, BTG). Five dispersions of each type with the
same particle volume concentration and a treatment of ve
minutes in the homogenizer and 20 min in the ultrasonic bath
were measured and the resulting data was averaged. A con-
ducting salt (ammonium acetate, purity > 97%, Alfa Aesar) with
a concentration of 10"3 mol dm"3 was added to increase the
conductivity of the solvent ethylene glycol while keeping the pH
constant at 7.6 thus allowing for the measurement.49
Raman spectra were recorded using an inVia Raman
microscope (Renishaw) with an excitation wavelength of 532 nm
(2.33 eV) for the examination of CNT and OLC, as this wave-
length is more sensitive to coupled modes induced by sp2-
hybridization of carbon atoms.23 The data was recorded using
a grating with 2400 lines per mm, a 50$-objective (numeric
aperture: 0.9), a spectral resolution of 1.2 cm"1, and a laser
power of 0.2 mW. For ND, an UV-Raman spectrometer (devel-
oped by the Institute Jean-Lamour in Nancy, France) with a 50$-
objective (numeric aperture: 0.55), a grating of 1800 lines per
mm, a spectral resolution of 1.2 cm"1, an excitation wavelength
of 325 nm (3.81 eV), and a laser power of 0.2 mW was used due
to the higher sensitivity to sp3-hybridization of the carbon
atoms.23 The reference spectrum is measured using the as-
received agglomerated carbon nanoparticle powders. During
the dispersion of the diﬀerent carbon nanoparticles in the
ultrasonic bath, an aliquot was taken out of the dispersions with
a pipette at the particular times (10, 20, and 120 min) and
deposited onto a silicon wafer. The solvent was subsequently
evaporated at 150 !C in a furnace. Finally, the agglomerates on
the silicon wafer were measured with Raman spectroscopy to
obtain the provided spectra. All Raman spectra were recorded
three times with an acquisition time of 10 s to eliminate cosmic
rays and to improve the signal-to-noise ratio. Additionally,
a linear baseline subtraction and intensity normalization were
conducted for all spectra. To identify peak positions and full
width at half maximum (FWHM) data, a Lorentz t was per-
formed for all data. Spectra of the powders aer the dispersion
treatment were enabled by drying a droplet casted on a silicon
wafer in a furnace at 150 !C.
Aer the production of the nickel matrix composites, the
samples were grinded and polished (the nest polish was done
using a diamond slurry containing diamond particles of 1 mm in
diameter) and the distribution of the particles in the matrix was
analyzed using a dual beam focused ion beam/eld emission
scanning electron microscopy (FIB/FE-SEM) workstation (FEI
Helios NanoLab 600). The obtained SEM pictures were binar-
ized (a4i analysis soware) with a resolution of 62 nm per pixel
to allow for a quantitative distribution analysis of the particle
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agglomerates. Two pixels are needed to dene an agglomerate.
The mean grain size of the matrix aer sintering is measured by
EBSD with an EDAX TSL detector attached to the dual beam
microscope. The scanned area is of 250 ! 250 mm2 applying an
accelerating voltage of 20 kV, a current of 22 nA, and a step size
of 0.3 mm. For the analysis, a grain is dened as at least two
adjacent points with a maximum misorientation of 5" beyond
which a grain boundary is determined. The acquired raw data
was post-processed using condence index (CI) normalization,
followed by the removal of points with CI below 0.1. The grains
intersecting the scan window were excluded from the analysis.
Vickers microhardness measurements were performed with
a Vickers microindenter (Durascan, Struers) with an indenting
force of 0.98 N (HV 0.1) and a holding time of 10 s. For each
sample, 20 measurements at diﬀerent spots were conducted
and averaged.
3. Results and discussion
3.1 Agglomerate size distribution
The three diﬀerent CNP materials were rst characterized using
TEM (Fig. 1). It can be seen that the particles show the char-
acteristic morphology and atomic structure of MWCNT (Fig. 1a
and d), OLC (Fig. 1b and e), and ND (Fig. 1c and f) as described
in literature.15,16,18,20,21 OLCs consist of several spherical shells
with a spacing of 0.34–0.36 nm. The primary particles are con-
nected to each other by local sintering and graphitic connec-
tions and show a diameter between 5 nm and 10 nm.20,21 ND
shows a diamond lattice spacing of 0.21 nm and ND particles
are engulfed by amorphous carbon layers.18 The average size of
ND particles is comparable to that of OLC. The ND and OLC
particles exhibit local formation of hard aggregates due to the
synthesis process.19,26 This feature complicates the dispersion
process because of the covalent bonding and sintering of the
particles. For CNTs, the high aspect ratio can lead to
a mechanical interlocking, resulting in the formation of
agglomerates that have to be disentangled.24 TEM is a highly
localized method to investigate the particle structures or
agglomeration sizes in vacuum (i.e., not in the solvent medium).
To study the dispersion process of nanoparticles, methods have
to be used which can be applied to characterize the particles in
liquids, like DLS. As a starting point for the ultrasonic treatment
(t ¼ 0), the particle powders (CNT, OLC, or ND) were dispersed
in ethylene glycol using the homogenizer for 5 min which
breaks-up the initially large agglomerates (up to 1 mm). The
results are exemplied in Fig. 2, showing the number fraction of
particles as a function of the hydrodynamic radius for diﬀerent
treatment times in the ultrasonic bath.
Starting with a hydrodynamic radius of up to 250 nm aer
the treatment with the homogenizer (t ¼ 0), the hydrodynamic
radius of all particles decreases over the rst 20 min of ultra-
sonication. However, longer sonication yields no signicant
further decrease of the radius, even if the particles are treated
for up to 2 h. Therefore, a saturation of the hydrodynamic
radius can be found for all kinds of particles at around 40–70
nm. Based on this fact, the dispersions used for the composite
manufacturing were all treated for 5 min in the homogenizer
and 20 min in the ultrasonic bath. This observation is in good
agreement with the work of Kru¨ger et al.18 who developed
a model classifying ND agglomerates in three diﬀerent sizes, of
which only the rst two, namely large agglomerates (radius of
10–15 mm) and intermediate agglomerates (radius of 1–1.5 mm),
could be broken up mechanically in a solvent using an ultra-
sonic bath. Yet, core aggregates (radius of 50–100 nm) could
only be disaggregated by functionalizing the ND.18
The agglomerate sized derived from DLS data are compli-
cated by the shape of CNPs. Commonly, DLS is used for analysis
only of spherical shaped particles,50 the latter being an accept-
able approximation for ND and OLC. In contrast to that, the
high aspect ratio of a single CNT prohibits the assumption of
a spherical form, whereas a CNT agglomerate can be approxi-
mated to have an overall spherical shape. In principle,
measuring the hydrodynamic radius of CNT agglomerates can
be done by DLS.51 However, even then, we have to consider that
DLS only shows a snap shot of the maximum dispersion grade
of the diﬀerent particles. Therefore, we need to employ
a complementary technique to analyze the dispersion stability
by means not directly dependent on the shape of the particles.
Thus, the next section is dedicated to dispersion stability testing
by centrifugal sedimentation analysis.
3.2 Stability of the dispersions
Fig. 3 shows the results for the velocity distributions from
centrifugal sedimentation analysis of the dispersions treated 5
min in the homogenizer and 20 min of sonication. Both plots
present the vol% of particles sedimenting with a specic
velocity. The cumulative plot and the density distribution both
show the same data but diﬀer in the way of illustration. The
density distribution (Fig. 3b) demonstrates all details of the
distribution, for example the mean value, whereas the cumu-
lative version (Fig. 3a) gives the area under the density function.
This means the cumulative approach sums up all the volume
percentages until a dened velocity. For example for CNT
Fig. 1 TEM images of MWCNT (a, d), OLC (b, e), and ND (c, f)
nanoparticles.
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roughly 40 vol% of the particles sediment with maximum 10 mm
s!1. This kind of distribution function makes it easier to
compare between diﬀerent datasets because less details are
shown compared to the density distribution. Using this
method, the dispersion stability and re-agglomeration behavior
of the diﬀerent particles can be analyzed. The data are strongly
dependent on the particle densities. As CNT show the lowest
density (similar to OLC) and the highest sedimentation velocity
(Fig. 3a), they seem to re-agglomerate most quickly aer the
dispersion process, thus forming the largest agglomerates.
Although the maximum sedimentation velocities of ND and
OLC are identical, OLC show a slower sedimentation velocity for
up to "70% of the distribution than ND (Fig. 3a). However, as
ND features a 1.7 times higher density than OLC, the OLC
particles seemingly build up larger maximum agglomerates
than ND and still sediment slower as their density is much
smaller. Consequently, the tendency to re-agglomerate and the
dispersion stability diﬀer. The ND dispersion clearly shows the
sharpest peak in Fig. 3b, indicating a more homogeneous
agglomerate diameter distribution.
In summary, the ND dispersion is the most stable dispersion
and most suitable as precursor for a composite manufacturing,
whereas the CNT dispersion tends to be the least stable one with
the largest agglomerates. Zeta-potential measurements conrm
this assumption, allowing for a quantitative evaluation of the
dispersion stability. A dispersion showing an absolute value of
the zeta-potential higher or lower than #50 mV is considered to
be stable.52 The closer the zeta-potential approaches 0, the more
unstable the dispersion becomes. In Table 1, the results of the
zeta-potential measurements for the three diﬀerent particle
dispersions types are summarized. The ND dispersions show
a slightly higher zeta-potential than CNT and OLC and the zeta-
potential of OLC appears to be similar to the potential of the
CNT dispersions within the scatter of the method. Therefore,
Fig. 2 DLS data of (a) CNT, (b) OLC, and (c) ND in ethylene glycol after diﬀerent times of ultrasonic treatment. The spectrum of at 0 min is equal
to a pre-treatment of 5 min in the homogenizer to break up the largest agglomerates.
Fig. 3 Sedimentation analysis of CNT, OLC, and ND dispersion in
ethylene glycol, showing (a) the sedimentation velocity of the particles
as cumulative plot (including particle densities) and (b) the ﬁtted data
using a log-normal function.
Table 1 Mean values and standard deviations of ﬁve zeta-potential
measurements for each particle type in ethylene glycol with
a concentration of 10!3 mol dm!3 of ammonium acetate
Particle Zeta-potential in mV
CNT !21.7 # 1.4
OLC !24 # 1.9
ND !31.6 # 2.4
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the dispersion of ND presents itself as the most stable one,
which is in good agreement with the results of the sedimenta-
tion analysis.
The diﬀerence in the sedimentation characteristics between
CNT and OLC cannot be explained only by a diﬀerent zeta-
potential. As the zeta-potential is similar and the main diﬀer-
ence between CNT and OLC is based on their morphology, the
diﬀerent agglomeration behavior can be a consequence of the
high aspect ratio of CNT as well as their larger dimension,
resulting in a morphologically favored agglomeration eﬀect.24
In the case of ND, functional groups may be present on the
surface due to the synthesis, resulting in a chemically more
stabilized dispersion.19
3.3 Inuence of the dispersion process on the structural
integrity of the particles
Conventional processing, for example via ball milling, may yield
a good dispersion, but is usually at the expense of structural
CNP degradation, leading to a poor reinforcing eﬀect and
potential chemical degradation when used in metal matrix
composites.29,53 In our study, we therefore chose sonication as
a gentler method for particle dispersing. To facilitate the de-
aggregation, a homogenizer is previously used to break up
larger agglomerates (up to ca. 1 mm), thus reducing the total
time needed to disperse the particles in the ultrasonic bath and
also reducing the total amount of stress on the particles.
However, since the particles are still mechanically highly
stressed, a change or variation of the structural state may still be
possible and needs to be investigated.51
A well-established method to study the defect state of CNPs
is Raman spectroscopy.54,55 In Fig. 4(a and b), Raman spectra
using visible light laser excitation of CNT and OLC can be seen
aer diﬀerent ultrasonication treatment times. The rst peak at
around 1350 cm!1 corresponds to the D-mode, generated by the
presence of defects in the CNT or OLC structure, for example
a disruption of the aromatic system of p-electrons in the
framework.44,56 Close to 1600 cm!1, the G-mode is detected
which can be attributed to the tangential vibrations of carbon
atoms with sp2-hybridization and can be used to describe their
crystalline state.55–57 The shoulder at the G-mode at higher
wavenumbers can be assigned to the diﬀerent resonance types
of the inner and outermost of the MWCNT.58 Finally, the G0-
mode is observed at around 2700 cm!1, corresponding to an
overtone of the defect-related D-mode, and its intensity is
proportional to the sample purity level.56
A quantitative analysis of the Raman spectra can be accom-
plished by evaluating the normalized intensity ratios D/G and
the G0/D, which are shown as a function of time in the ultrasonic
bath for CNT (Table 2) and OLC (Table 3). Since the Raman
signal is sensitive to the irradiated volume and in order to
obtain a reliable comparison between spectra, it is generally
accepted that the correlation should be carried out with inten-
sity ratios. Specically, the D/G ratio corresponds to the defect
density whereas the G0/D ratio can be correlated with the purity
level of graphitic material.55 Tuinstra and Koenig59 observed
that the D/G ratio is inversely proportional to the mean domain
size in graphitic structures, whereas the domain size is dened
as the mean distance between two consecutive defects (e.g.,
crystal boundary in polycrystalline graphite). Since then, this
ratio has been extensively used as an indicator of the defect
density in sp2 carbons. DiLeo et al.55 showed that the G0/D ratio
is proportional to the purity of a MWCNT sample. The expla-
nation is based on the fact that the G0 band is more sensitive
than the D band to carbonaceous impurities, deriving in a very
close correlation to average purity values obtained by ther-
mogravimetry. The Raman full width at half maximum (FWHM,
G) can be correlated with the degree of structural ordering.60
Ideally, the defect density should be as low as possible, since
defects can act as nucleation centers for failure propagation,
leading to reduced mechanical properties.61 Based on the data,
neither CNT nor OLC show a signicant variation of the initial
D/G or G0/D ratio as well as the FWHM, even aer 2 h of soni-
cation. This leads to the assumption that both particle types are
not signicantly altered from the initial structural state during
the dispersion process.
The structural integrity analysis of the ND dispersions has to
be discussed separately, as the detected bands diﬀer from the
ones of CNT and OLC. It is noteworthy that Raman analysis of
ND materials required UV-laser radiation in contrast to the use
of visible light laser for sp2-hybridized nanocarbons. For all ND
Fig. 4 Raman spectra of CNT (a), OLC (b) and ND (c) on a silicon wafer as a function of the time spent in the ultrasonic bath in the solvent
ethylene glycol.
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spectra, a down-shied diamond band at !1320 cm"1 (dia-
mond) can be observed as well as a band at !1630 cm"1, oen
simply tagged as G-mode in analogy to sp2-hybridized
(graphitic) carbon (Fig. 4c). However, at least three separate
peaks assigned to O–H bending vibrations (!1640 cm"1), C]O
stretching vibrations (1740 cm"1), and nally sp2-hybridized
carbon band (1590 cm"1) are superimposing to generate this
band.62 For the studied ND, we see very little variation of the G
diamond and the diamond/G ratio (Table 4). In conclusion, just
like for OLC and CNT, we also see no statistically signicant
variation of the sample's structural ordering aer de-
aggregation.
3.4 Microstructural investigation of the reinforced nickel
matrix composites
In Fig. 5a–c, SEM pictures (backscattered electrons) of the three
diﬀerent composites are shown all containing 6.5 vol% of CNPs.
The black areas are particle agglomerates, whereas the diﬀerent
shades of gray correspond to diﬀerent grain orientations of the
nickel matrix. Based on the binary pictures in Fig. 5d–f we see
that the CNTs yield signicantly later aggregates (up to 15 mm)
in the nickel matrix composites (Ni CNT) compared to the other
composites. The smallest maximum size of agglomerates can be
detected for ND nickel matrix composites (Ni ND) and is about 3
mm. This is in excellent agreement with the results from sedi-
mentation analysis. Not only the agglomerate sizes diﬀer, but
also the distribution homogeneity within the matrix as the
small agglomerates in the case of Ni ND are most evenly
distributed. The individual agglomerate area of the binary SEM
pictures of Fig. 5d–f as a function of the total image area frac-
tion of the agglomerates can be used for a quantitative analysis
(Fig. 6). Using the binarized images, black pixels are assigned to
agglomerates and white pixels to the metal matrix. The indi-
vidual pixel size is 62 nm, agglomerates smaller than that
cannot be detected, but as the minimum agglomerate diameter
measured by DLS is 80 nm, an even higher resolution would not
be reasonable. As seen, the agglomerate size distribution is the
smallest for Ni ND composites and by far the largest for Ni CNT
composites, aligning well with the sedimentation analysis. An
evenly distribution of small agglomerates is the most promising
reinforcement method for metal matrix composites, since it can
homogeneously act on the grain boundaries during grain
growth, and thus reduce recrystallization processes enhancing
the microstructural thermal stability.63 Forces can be homoge-
neously transferred by the particles as a larger interface between
the particles and the matrix is available.2,63
Although a large interface area of particles and matrix is
required for optimized properties, the formation of a brittle
interphase (e.g., carbide formation) at the interface may severely
impact the mechanical properties. A brittle interphase could act
as nucleation center for failure propagation, as it has the
tendency to crack very easily.8 To inhibit this, the carbon
particles should show a low defect density and amatrix material
should be chosen, which does not act as carbide creator.8 As it is
shown elsewhere, nickel is a reasonable candidate for
a comparison of diﬀerent carbon particles as it only forms
Table 2 Normalized Raman data of CNT as a function of time spent in the ultrasonic bath. A Lorentz ﬁt was performed to identify the peak
positions and the FWHM (G)
D
(1348 cm"1)
G
(1593 cm"1)
G0
(2696 cm"1)
GD
in cm"1
GG
in cm"1
GG0
in cm"1 D/G G0/D
t
in min
1 0.73 0.44 58.4 75.5 91.2 1.37 0.44 Ref
1 0.75 0.49 55.8 73.3 93.5 1.33 0.49 10
1 0.72 0.41 59.7 75.2 91.8 1.39 0.41 20
1 0.72 0.40 56.0 72.9 90.6 1.39 0.40 120
Table 3 Normalized Raman data of OLC as a function of time spent in the ultrasonic bath. A Lorentz ﬁt was performed to identify the peak
positions and the FWHM (G)
D
(1348 cm"1)
G
(1597 cm"1)
G0
(2686 cm"1)
GD
in cm"1
GG
in cm"1
GG0
in cm"1 D/G G0/D
t
in min
1 0.81 0.40 66.2 64.5 118.3 1.23 0.40 Ref
1 0.85 0.38 64.4 63.1 127.2 1.18 0.38 10
1 0.86 0.41 61.5 60.9 119.8 1.16 0.41 20
1 0.79 0.32 64.7 63.0 122.5 1.27 0.32 120
Table 4 Normalized Raman data of ND as a function of time spent in
the ultrasonic bath. A Lorentz ﬁt was performed to identify the peak
positions and the FWHM (G)
Diamond
(1320 cm"1)
G
(1629 cm"1)
Gdiamond
in cm"1
GG
in cm"1
Diamond/
G
t in
min
1 0.92 39.8 103.8 1.23 Ref
1 0.85 38.4 96.9 1.18 10
1 0.89 36.5 93.1 1.16 20
1 0.83 38.2 98.5 1.27 120
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metastable carbides; yet, no carbide phases are observed in the
case of CNTs for the used conditions in our work.45,64 The
observed diﬀerences in agglomerate sizes and distribution
patterns can be well correlated with the results from dispersion
analysis. The sedimentation analysis and zeta-potential
measurement demonstrated that ND present the most stable
dispersion in ethylene glycol. The production of the nickel
matrix composites starts with the evaporation of the solvent in
a furnace at 150 !C for 5 h. During this time, the diﬀerent CNP
dispersions re-agglomerate in diﬀerent ways, which can be
explained by the diﬀerent hybridization states of the carbon
atoms and the diﬀerent particle morphologies. Attractive forces
occur between the particles due to the p-bonding of the sp2-
hybridization of carbon atoms in OLC and CNT particles. The
large aspect ratio of CNT further leads to possible mechanical
interlocking, enabling the emergence of even larger agglomer-
ates than in the case of OLC. Despite the fact that ND show
a similar morphology compared to OLC, their sp3-hybridized
carbon atoms are subjected to smaller attractive forces between
each other as well as a stabilizing eﬀect of the attached func-
tional groups from the synthesis process. This translates into
superior dispersion grade and stability than that of both, CNT
or OLC dispersions.
The possible grain renement eﬀect of the diﬀerent particle
types and distributions can be investigated by performing EBSD
measurements on an unreinforced nickel reference and on the
samples already investigated by SEM (Fig. 7). The mean grain
size of the nickel matrix is signicantly reduced by the addition
of 6.5 vol% of CNPs up to a factor of 3 for ND and OLC.
Furthermore, the Ni CNT composites show larger grains than Ni
OLC or Ni ND composites. This can be explained by the
agglomerate distribution, as seen from SEM. As the distribution
of ND and OLC particles is much more homogenous than the
CNT particle distribution, they can homogeneously act as
obstacle for the grain boundaries during grain growth through
Fig. 5 SEM pictures of (a) CNT-, (b) OLC-, and (c) ND- nickel matrix composites after polishing at the top surface. The uniaxial pressure is applied
at the bottom and top surface of the samples. The pictures are binarized for (d) CNT-, (e) OLC-, and (f) ND- nickel matrix composites to enable
a better qualitative comparison. The agglomerate sizes decrease signiﬁcantly and the distribution of the particles becomes more homogenous
from (a) to (c) or rather (d) to (f).
Fig. 6 Individual agglomerate area as a function of the total image
agglomerate area (area fraction) in Fig. 5d–f with a resolution of 62 nm
per pixel.
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sintering, and thus leading to a ner grain size distribution.45,63
Although Fig. 6 shows signicant diﬀerences in the agglomerate
size distribution of the Ni ND and Ni OLC composites, their
similar grain size distribution is reasonable. This can be
explained as the grain renement eﬀect is known to be more
dependent on the agglomerate distribution within the matrix
material rather than on the actual agglomerate size.63
Grain renement directly inuences the mechanical prop-
erties of the material (e.g., hardness or strength).45 We per-
formed Vickers microhardness measurements on the
composite samples to analyze this eﬀect. The results can be
correlated with the mean grain size, as seen in Table 5, and the
microhardness has been increased when comparing the nickel
reference with the CNP reinforced samples. In good correlation
to the grain renement, the Ni CNT sample shows the lowest
hardness of the reinforced samples. This can be explained with
the larger grain sizes in comparison to Ni OLC and Ni ND, due
to the Hall–Petch eﬀect.63,65 Although the grain sizes of Ni OLC
and Ni ND composites do not diﬀer much, the microhardness
of Ni ND is higher than for Ni OLC. This could be due to the
smaller ND agglomerate size in Ni ND that allow for a larger
interface between ND and the nickel matrix, being able to
eﬃciently transfer the external forces to a higher amount than
the Ni OLC composites.2 Rather small agglomerates are known
to enable the Orowan mechanism, thus leading to a reinforcing
eﬀect of the composite.63 The diﬀerence in hardness of the
composites could also be attributed to diﬀerences in the
mechanical properties of the OLC and ND particles themselves.
In addition to that, if the particles are distributed unevenly,
such as for the Ni CNT composites, depletion zones can exist,
that are not reinforced at all. These areas lead to an abnormal
grain growth during sintering, ending up with inhomogeneous
composite properties. This induces weak spots in the composite
Fig. 7 Grain size distribution of (a) unreinforced nickel reference, (b) Ni CNT, (c) Ni OLC, and (d) Ni ND composites. A LogNormal ﬁt is performed
to calculate the mean grain size and the ﬁtted curves are plotted as solid lines (red).
Table 5 Mean grain sizes and mean values of Vickers microhardness
measurements of the unreinforced nickel reference and the samples
reinforced with CNT, OLC or ND
Sample Mean grain size in mm HV 0.1
Ni reference 12.9 ! 0.5 109 ! 6
Ni CNT 5.7 ! 0.2 119 ! 8
Ni OLC 4.2 ! 0.1 125 ! 4
Ni ND 4.0 ! 0.1 135 ! 4
This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 95149–95159 | 95157
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material, reducing the mechanical reinforcement eﬀect and
generating anisotropy in the properties as can be seen at the
higher standard deviation for the hardness of the Ni CNT
composites.2,66
Summarizing, a low aspect ratio and the sp3-hybridization
seems to benet a small agglomerate size and homogenous
distribution of CNPs within a metal matrix composite, thus
leading to a strong grain renement and benecial mechanical
reinforcement eﬀect.
4. Conclusions
The dispersion process of non-functionalized MWCNT, OLC,
and ND in ethylene glycol using a homogenizer and an ultra-
sonic bath was studied. The dispersions were used as precursor
for the production of nickel matrix composites. In particular,
using Raman spectroscopy we found that no damage was
inicted upon the CNPs due to the dispersion process. Yet,
although the maximum dispersion grade in the solvent is
similar, ND show the best dispersion stability, followed by OLC,
and nally MWCNT. This observation is in good agreement with
the distribution and agglomerate sizes of the particles in the
composite as ND show the smallest and MWCNT the largest
agglomerate sizes. In addition, a low aspect ratio and the sp3
hybridization is found to be benecial for both, a small
agglomerate size in the dispersions as well as a homogeneous
distribution of small agglomerates within the composite.
Finally, a maximum grain renement by a factor of 3 and
a maximum mechanical reinforcement eﬀect of around 25%
(Vickers microhardness) are observed for Ni ND composites.
This observation aligns perfectly with the results of the
dispersion analysis.
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In the present study, nickel matrix composites reinforced with a ﬁne distribution of nanodiamonds
(6.5 vol%) as reinforcement phase are annealed in vacuum at different temperatures ranging from 750 !C
to 1300 !C. This is carried out to evaluate the in-situ transformation of nanodiamonds to carbon onions
within a previously densiﬁed composite. The resulting materials are thoroughly analyzed by comple-
mentary analytical methods, including Raman spectroscopy, transmission electron microscopy, scanning
electron microscopy, energy dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy. The
proposed in-situ transformation method presents two main beneﬁts. On one hand, since the particle
distribution of a nanodiamond-reinforced composite is signiﬁcantly more homogenous than in case of
the carbon onions, it is expected that the transformed particles will preserve the initial distribution
features of nanodiamonds. On the other hand, the proposed process allows for the tuning of the sp3/sp2
carbon ratio by applying a single straightforward post-processing step.
© 2017 Elsevier Ltd. All rights reserved.
1. Introduction
Carbon nanoparticles, in their wide variety, are found in
numerous technological applications covering ﬁelds ranging from
nanoelectronics to medicine, among several others. Speciﬁcally,
sp2-hybridized nanocarbons have been thoroughly investigated in
the last three decades [1]. Two particularly interesting nanocarbons
are nanodiamonds as well as carbon onions. Nanodiamonds are
sp3-hybridized carbon nanoparticles with a lattice spacing of about
0.21 nm and a primary particle diameter of around 5 nm (i.e., quasi
zero dimensional) [2]. They have been synthesized by a variety of
different methods like detonation technique, laser ablation, ultra-
sound cavitation and others [2]. Intrinsic properties such as
superior hardness and Young's modulus, high thermal conductivity,
electrical resistivity, and chemical stability demonstrate the high
potential of this carbon nanomaterial [2,3]. Beside applications for
example in the medical sector, nanodiamonds are promising to
reinforce metallic composites. In this regard, nanodiamonds have
shown high performances by increasing hardness as well as wear
resistance [4e6].
Carbon onions (also called onion-like carbon, OLC) are multi-
layered fullerene-like polyhedral nanoparticles [7]. By varying the
synthesis method and its parameters, both, the sp3 to sp2 carbon
ratio and the atomic arrangement can be adjusted. Carbon onions
provide a high electrical conductivity [3], large surface area because
of their nanometer-size (typically 5e10 nm), and very good me-
chanical properties [7]. Thus, the particles are used as reinforce-
ment phase for composite materials [8], for tribological lubrication
[9], electrochemical energy storage [10], or water treatment [7].
Nanodiamonds obtained from a detonation process are often
used as starting materials in the thermal synthesis of carbon on-
ions. Thermal annealing in a temperature range above 700 !C under
vacuum or inert gas atmosphere allows to tune the sp2/sp3 ratio
* Corresponding author. Functional Materials, Department of Materials Science
and Engineering, Saarland University, Campus D3 3, 66123, Saarbrücken, Germany.
** Corresponding author. Functional Materials, Department of Materials Science
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and modify, accordingly, properties like the electrical conductivity
[7,11,12]. Regarding the mechanical and tribological properties, sp3-
hybridized carbons are rather known for its hardness and its
resistance to wear [6,13], whereas sp2-hybridized carbons are
usually associated with lubricity and friction reduction [14,15]. For
an extended overview of the physical properties of both nano-
particles, please refer to the work of Mochalin et al. [2] and Zeiger
et al. [7] and references therein.
A way of capitalizing on the properties of these nanodiamonds
and carbon onions with macroscopic materials is by using these
carbon nanoparticles as reinforcement phase in metal matrix
composites (MMC). One of the major challenges during the
manufacturing of this type of MMC is the carbon nanoparticle
agglomeration. Particularly, if the selected fabrication route is the
solid state processing (i.e., sintering), the mass transport leads to
densiﬁcation and results in an increased agglomerate formation
[16]. This may lead to a poor interface between matrix and rein-
forcement, decreasing the potential enhancement of the physical
properties. To obtain an optimum reinforcing effect, microstruc-
tural tailoring can be applied to avoid or minimize nanoparticle
agglomeration. This can be achieved by modifying the micro-
structure in several ways. First, during densiﬁcation in solid-state
routes, the homogeneous distribution of a reinforcement phase
pins the grain boundaries, resulting in a smaller mean grain size
and increased strength. Second, during application, the particle
dispersion acts on the dislocation mobility, reducing it and
increasing the thermal stability of the microstructure [17]. Third, in
tribological applications, the homogeneous and continuous release
of carbon nanoparticles from the MMC towards the contact region
can be beneﬁcial and may be optimized in materials with a ho-
mogeneous distribution of the reinforcement phase.
In previous studies, it has been shown that sp2-hybridized car-
bon nanoparticles form agglomerates faster and to a higher degree
than their sp3-hybridized counterparts mainly due to van derWaals
interactions [8]. Additionally, nanodiamonds have shown good
colloidal stability in ethylene glycol, which serves as a precursor for
MMC fabrication [8]. This further translates to an improved distri-
bution homogeneity of nanodiamonds in the metal matrix,
compared to carbon onion reinforced MMC processed by the same
route [18]. Considering the different material properties of these
two carbon nanoparticles, it is of high interest to produce carbon
onion reinforced MMC with the same distribution homogeneity as
nanodiamonds to enable wider application ﬂexibility. One possi-
bility to increase the dispersion and distribution of carbon nano-
particle is the chemical modiﬁcation of surface functional groups
(covalent or non-covalent) [19]. However, a covalent functionali-
zation (e.g., with hydroxyl, carboxyl or carbonyl groups) implies the
breaking of covalent carbon bonds; thus, compromising the struc-
tural integrity of the particles and affecting their intrinsic proper-
ties [20,21]. A non-covalent functionalization involves the use of
surfactants, polymers, or molecule wrapping [22e25]. The main
drawback of this route is that, after processing at high temperatures
(e.g., sintering), these additional products remain degraded by-
products at the reinforcement-matrix interface, signiﬁcantly hin-
dering the load/charge transfer capability of the composite.
The present study explores a straightforward technique to
overcome the limitations in the dispersion and distribution ho-
mogeneity of carbon onions as reinforcement material in MMC,
avoiding the use of any chemical functionalization. This is done by
thermal treatment of already densiﬁed nanodiamond reinforced
MMC to trigger in-situ the nanodiamond to carbon onion phase
transformation. Furthermore, as the annealing temperature allows
to tune the sp2/sp3-ratio, the material properties of the composite
can be adapted to match the requirements for different applica-
tions. The analysis is supported by a wide span of advanced
characterization methods, including Raman spectroscopy with ul-
traviolet laser radiation, transmission electron microscopy (TEM),
scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS).
2. Materials and methods
Nanodiamond powder was purchased from NaBond Technolo-
gies Co., with a carbon purity 98e99% and individual particle
diameter 4e6 nm. For the composite manufacturing, the nano-
diamonds were dispersed in ethylene glycol (0.1mg/mL) by shear
mixing (5min) and ultrasonication (20min). For this process, a
homogenizer UltraTurrax (IKA-Werke GmbH) and an ultrasonic
bath from Bandelin (Sonorex Super RK 514 BH, 860W, and 35 kHz)
were used. After dispersion, Ni dendritic powder (AlfarAesar, !325
mesh) was added and mixed again by shear mixing for 5min to
achieve a mixture of 6.5 vol% of nanodiamonds in nickel powder.
Subsequently, the solvent was evaporated at 150 "C and the ob-
tained powder is pre-densiﬁed to green cylindrical pellets with a
diameter of 8mm using a uniaxial press (990MPa pressure). This
step was followed by hot uniaxial pressing in vacuum (2,10!4 Pa) at
a temperature of 750 "C, using a pressure of 264MPa for 2.5 h and a
heating and cooling rate of 20 "C/min. Using these parameters, a
ﬁnal relative density of 98% was achieved. Only few materials
qualify for the choice of the matrix material since metals that
readily react with carbon (e.g., Al, Ti, Cr) might affect the evaluation.
In this case, Ni was selected as the matrix material, since it does not
form stable carbides (a consequence of the carbon nanoparticle
degradation) under the studied range of conditions. The only car-
bide formed by Ni is of metastable nature in a wide temperature
range. Ni3C is, among all possible carbides, the one with the lowest
formation energy (26.36 kJ/mol) [26].
The already densiﬁed nanodiamond-reinforced samples are
then post-processed by an annealing step under vacuum (10!3 Pa)
at 750 "C, 900 "C, 1100 "C, and 1300 "C, each for 3 h of holding time
with a heating and cooling rate of 10 "C/min. It is not possible to
investigate higher transformation temperatures (1700 "C, as re-
ported in Ref. [27], where high graphitization is achieved) due to
the limitation given by the melting temperature of the matrix
material (Tm, Ni¼ 1453 "C).
Characterization of the samples was done by TEM using a JEOL
2100F transmission electron microscope operated at 200 kV. Small
fractions of the samples were removed by scratching and dispersed
in isopropanol. These fractions are deposited onto Cu grids coated
with lacey carbon for their subsequent TEM analysis.
Raman spectroscopy was performed using a Horiba UV-Raman
spectrometer, working with an excitation laser wavelength of
325 nm (3.81 eV). The choice was made since UV excitation is more
sensitive to sp3-hybridized carbons than visible light [28]. The laser
power on the sample was 5mWand the in-focus-plane spot size of
approximately 5 mm. The used numerical aperture was 0.5 and we
chose a grating of 2400 lines/mm, resulting in a spectral resolution
of 1.2 cm!1. For the analysis, the spectra were ﬁtted with Lorentz
functions. The reported peak parameters correspond to those of the
ﬁtted functions.
SEM and EDS analyses were performed using a dual beam
focused ion beam/ﬁeld emission scanning electron microscope
workstation (FEI Helios NanoLab 600). SEM micrographs were
recorded with an accelerating voltage of 5 kV and current of 1.4 nA.
The XPS measurements were performed with an ESCA MkII
spectrometer (VacuumGenerators) in normal emissionmode using
Al-Ka excitation (ћu¼ 1486.6 eV) and a 150"-type hemispherical
analyzer with a pass energy of 20 eV. The calibration was made to
the Au-4f 7/2 line at 83.80 eV. The acquired C-1s spectra of the
samples treated at 750 "C and 1300 "C were ﬁtted with four
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Gaussian distributions corresponding to sp2, sp3, C-O, and C¼O
bonded carbon. Both spectra were ﬁtted simultaneously, meaning
that for each carbon species, the binding energy as well as the
width of the corresponding peak are the same in both spectra, that
is, both spectra just differ in the distribution of peak heights.
3. Results and discussion
The UV-Raman characterization provides detailed insights into
the transformation steps from nanodiamond to carbon onions
within the composite [29]. Fig. 1 shows the evolution of the
transformation of nanodiamond at different processing
temperatures.
The initial state presents three peaks at 1097.8 cm"1,
1325.8 cm"1, and 1637.2 cm"1, which correspond to pure nano-
diamond powder. The ﬁrst peak at lowwavenumbers is assigned to
the presence of partially crystalline diamond [30], whereas the
second peak is typically identiﬁed as crystalline diamond. The third
peak (higher wavenumber) is an upshifted G band, moved by the
convolution of the peaks generated by C¼C, O-H, and C¼O bonds
[31].
The reported temperatures for the sp3/sp2 transformation range
from 670 #C to 1000 #C and depend strongly on the synthesis
method and surface chemistry of the nanodiamonds [7,32,33]. The
ﬁrst selected temperature (750 #C) is usually applied to densify this
type of composites by hot uniaxial pressing in vacuum [34] and is
above the onset temperature for graphitization observed by dif-
ferential scanning calorimetry by Xu et al. [35]. At this temperature,
the lowwavenumber peak observed at room temperature vanishes,
and a new peak appears at 1236.8 cm"1 that can be related to the
signal combination of large and small domain scattering [2]. Yushin
et al. assign this peak to partially crystalline diamond, which does
concur with a short-range order scattering type [30]. The other two
observed peaks correspond to the diamond band (1328.3 cm"1) and
the upshifted G-band of sp2-hybridized carbon (1624.1 cm"1).
By increasing the temperature to 900 #C, the transformation
from sp3-to sp2-hybridization becomes more evident in alignment
with the work of Cebik et al. [36]. Three peaks are observed at
1326.4 cm"1, 1395.4 cm"1, and 1600.7 cm"1, with the ﬁrst band
assigned to diamond, the second to the D-band and the last to the
upshifted G-band of sp2-hybridized carbon. Moreover, the intensity
of the diamond band is clearly reduced. In this case, the position of
the G-band is in agreement to what was reported by Ferrari and
Robertson [28]; the latter work assigned the position of the G-band
at 1600 cm"1 to a nanocrystalline-graphite. This upshift is actually a
convolution of the G-mode of sp2-hybridized carbon and the D0-
mode which represents short range order. Therefore, the Raman
spectrum shows the ﬁrst indication of the coexistence of diamond
and a graphitic phase.
The following annealing temperature steps were set at 1100 #C
and 1300 #C. In this range, the transformation noticeably continues,
and the two characteristic bands of sp2-hybridized carbon are
clearly observed. The spectrum of the sample treated at 1100 #C has
a D-band positioned at 1389.6 cm"1 and a G-band located at
1589.1 cm"1, whereas the spectrum of the 1300 #C sample presents
peaks at 1392.5 cm"1 and 1588.1 cm"1 of the D- and G band,
respectively. In both cases, the extent of graphitization is signiﬁ-
cant. The full width at half maximum for the D- and G-bands are
124.5 cm"1 and 93.7 cm"1, respectively. These values are in agree-
ment with those reported by Zeiger et al. [11] and Cebik et al. [36],
representing an increased long-range order of the sp2 carbon.
An SEM/EDS analysis of the sample post-processed at 1300 #C is
shown in Fig. 2. The distribution of the particles is homogeneous on
a 100 mm length scale. The carbon nanoparticle distribution ranges
from aggregates of 100 nm up to several micrometers, which may
be caused by the initial agglomeration of the nanodiamond powder.
Because of the synthesis method of the detonation nano-
diamonds, dangling bonds may form at their surface. The latter can
react and form covalent interparticle bonds, resulting in the
development of agglomerates [37]. Such agglomerates cannot be
dispersed by shear mixing or ultrasonication. Yet, these agglom-
erates are developed to a much lower degree than in case of carbon
onions. If the latter are used as powder during mixing, the particles
interaction due to the p-bonds are muchmore pronounced, leading
to a strong re-agglomeration behavior after the dispersion process
and during densiﬁcation. The consequence would be the formation
of larger agglomerates with an inhomogeneous distribution [8].
A morphological evaluation of the samples treated at 1300 #C is
shown in Fig. 3. It is clearly noticeable that there are still, at least,
two different phases in the material (as observed in Fig. 3a). Carbon
onions are identiﬁed by their characteristic multi-shell architec-
ture, whereas there are also small nanodiamond domains. The
lattice distance obtained by a grayscale proﬁle analysis (Fig. 3b)
coincides with the 0.34 nm spacing of graphitic structures ((002)
plane). A third phase is identiﬁed as nickel with its characteristic
lattice spacing matching the (111) plane (Fig. 3c).
Some defective layers can be found on the outer shells, and
disorder is noticeable in the inner space of the carbon onions. The
former has been already reported in other works on the thermal
annealing of nanodiamonds at 1300 #C and can be assigned to the
presence of amorphous carbon [7,11]. The latter may be related to
the stress increment in the interior of the carbon onion, derived
from the volume change in the particle during the transformation.
Carbon onions synthesized in this temperature range
(750e1300 #C) show a defective inner structure resulting from the
shortage of sp3-hybridized atoms at the sp3-sp2 interface [38].
There is also a strong connectivity of the individual carbon parti-
cles. This neck formation has been reported, among others, by
Zeiger et al. [11] and leads to aggregation of the particles.
We used XPS to quantify the sp2/sp3 ratio for the samples which
were treated at 750 #C and at 1300 #C (Fig. 4). Based on the ﬁtting
procedure explained in the experimental section, the difference in
binding energy of sp2-and sp3-bonded carbon is about 600meV,
which is comparable to the values reported in literature (e.g.,
800meV in Ref. [39]). For the 750 #C sample (Fig. 4a), it is found that
the particles contain sp2 and sp3 hybridized carbon atoms with a
Fig. 1. Raman spectra of nanodiamond reinforced Ni composites at different post
synthesis treatment temperatures. The characteristic bands are highlighted in orange.
(A colour version of this ﬁgure can be viewed online.)
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signiﬁcant amount of C-O occurrence. This can be traced back to the
detonation synthesis method of the nD [37]. Moreover, the
appearance of incompletely crystallized carbon as outer shell of the
nanodiamonds is well-known in literature, therefore explaining the
relatively large relative amount of sp2-hybridized carbon atoms
[11]. The C¼O bonding is also detected by Raman spectroscopy as
side shoulder at 1760 cm"1. In case of the sample which was post
processed at 1300 #C (Fig. 4b), a signiﬁcant transformation can be
observed.
With 84.2 at% of sp2-hybridized carbon atoms, the particles
seem to be largely graphitized, in agreement with the results from
Raman spectroscopy and TEM analysis. A small fraction (1.7%) of sp3
hybridized carbon is still detected. It must thus be mentioned that,
by processing the composites with the conditions proposed in this
study, it is possible to reduce signiﬁcantly the nD fraction. However,
there is still disordered domains within the carbon onions, which
might need additional energy for their conversion, because of the
stress generated by the volume expansion of the nanoparticle.
Longer treatment times eventually result in larger transformation.
However, transformation kinetics (conversion rates) in the
analyzed temperature range are low and strongly dependent on the
original nD particle size (smaller nD convert faster) [38]. Yet, once
the outer layers are converted, they become more difﬁcult to
rearrange and relieve generated stresses, thus possibly stabilizing a
structurally disordered core region [38]. This would hinder the
proper conversion, irrespective of the treatment time. In addition,
we see a signiﬁcant de-functionalization of the carbon nano-
particles, as the number of functional groups like C-O and C¼O
clearly decreases.
4. Conclusions
The transformation process of nanodiamond to carbon onions in
a pre-densiﬁed nanodiamond-reinforced nickel matrix composite
is studied. This is done by pressure-less, thermal annealing of the
sintered sample under vacuum with temperatures ranging from
750 #C to 1300 #C. Raman spectroscopy measurements reveal that
the sp3 to sp2 carbon ratio can be tuned by the annealing temper-
ature. These results are conﬁrmed by TEM analysis, showing the
presence of carbon onions (with a disordered nucleus) dispersed in
the nickel matrix after the annealing step at 1300 #C. The XPS data
of the samples with the lowest and highest selected treatment
temperatures demonstrates that the sp2 carbon content of the
particles increased from 31.1% (750 #C) up to 84.2% (1300 #C).
Hence, it is demonstrated that it is possible to modify the sp2 to sp3
ratio within the metal matrix composite, simply by selecting the
Fig. 2. (a) Secondary electron micrograph of the surface of the sample treated at 1300 #C. (b) EDS chemical map of the C distribution (in red) and (c) Ni distribution (in green). (A
colour version of this ﬁgure can be viewed online.)
Fig. 3. (a) TEM image of the scratched material after thermal treatment at 1300 #C. (b) Grayscale line proﬁle of a carbon onion, where the interplanar distance is in accordance to the
(002) plane of graphitic carbon. (c) Grayscale line proﬁle of a nickel domain, showing an interplanar distance corresponding to the (111) plane. (A colour version of this ﬁgure can be
viewed online.)
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appropriate treatment temperature.
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Carbon Nanoparticle-Reinforced Metal Matrix Composites:
Microstructural Tailoring and Predictive Modeling**
By Leander Reinert, Sebastian Suarez,* Thomas Mu¨ller and Frank Mu¨cklich
Nickel matrix composites are produced with concentrations of 0.5–10 vol% of carbon nanotubes
(CNT), onion-like carbon (OLC), or nanodiamonds (nD) as reinforcement phase by hot pressing. The
effect of the carbon nanoparticle (CNP) type and concentration on the microstructure is analyzed.
Grain sizes are measured and a model is adapted to predict the observed grain reﬁnement for all CNP.
The individual saturation concentration and maximum achievable grain reﬁnement differs (for CNT:
3 vol%, OLC: 6.5 vol% and nD: 10 vol%), which is correlated to the agglomerate diameter
distribution. This can be traced back to different hybridization states and different particle geometries,
therefore providing valuable information for CNP-reinforced Metal matrix composites to a general
extent.
1. Introduction
Compositematerials provide the capability of tailoring their
properties (mechanical, electrical, thermal, etc.), by managing
simple variables, suchas the chosen reinforcementmaterial, the
reinforcement volume fraction, or the processing parameters.
For those reasons, they have been in the spotlight of materials
research for the last few decades. At the same time, carbon
nanomaterialshavebeenforeseenasverypromisingcandidates
as reinforcement phase due to their outstanding intrinsic
properties and low density,[1–3] which are essential features for
composite materials. When used in composites, they can lead
to increased strength,[4–6] hardness,[7–9] electrical and thermal
conductance,[8,10,11] thermomechanical stability,[12] as well as a
reduction in friction and wear,[13–15] just to enumerate some
examples. In general, carbon nanomaterials can be found in
many different morphologies and conﬁgurations. Speciﬁcally
for this work, the focus is placed on three types of carbon
nanoparticles (CNP), namely: carbon nanotubes (CNT),[16]
nanodiamonds (nD),[3] and onion-like carbons (OLC).[17] These
CNP were selected as they show either a speciﬁc carbon
hybridization or particle geometry, therefore, covering a wide
span of carbon nanomaterials and allowing a systematic
analysis of the effect of those differences on the microstructure
in a metal matrix composite (MMC). One of the advantages
wouldbe thatall thoseCNPpossessacertaindegreeofchemical
inertness, andbehave in the sameway,whenno interphases are
formed with the matrix in MMC (e.g., Cu, Ag, etc.).
For CNP-reinforced metal matrix composites, the material
strengthening due to grain reﬁnement has been identiﬁed in
several different matrices.[8,18–21] In general, the magnitude of
the reinforcing effect generated by CNP in a metal matrix
composite is stronglyaffectedbytheirdistribution,[5,22,23]which
directly inﬂuences the mechanical properties of the material
(e.g., hardness or strength) due to grain boundary strengthen-
ing.[21] Also, rather small agglomerates are known to enable the
Orowanmechanism, thus, leading to a reinforcing effect of the
composite.[24,25] Furthermore, a ﬁner distribution of small
agglomerates creates a larger amount of interface between
reinforcement and matrix, efﬁciently, increasing the load
transfer during stress.[5] Additionally, other factors, such as
the generation of dislocations resulting from thermalmismatch
between matrix and reinforcements can also contribute to an
expected strengthening of the material.[26]
In this context, the main drawback of working with CNP is
their tendency to form agglomerates due to intermolecular
forces like dipole–dipole forces, van der Waals forces,[27–29] or
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as a consequence of the synthesis methods themselves.[30–33]
In a previous study, an alternative processing route has been
proposed,[23] which allows for the direct comparison of the
aforementioned three CNP in terms of their distribution and
the generated microstructure, when used as reinforcement
phase in a nickel metal matrix composite. Nickel appears to be
a suitable candidate as matrix material for a comparative
study, since it only forms metastable carbides under very
speciﬁc conditions, as shown in a previous study reported by
Suarez et al.[21] Considering the possibility of a prediction of
the resulting mean grain size of a biphasic material as a
function of the amount of the secondary phase (that with
lower volume fraction), Smith[34] presented a grain boundary
pinningmodel (Zenermodel).[35] Thismodel considers a grain
boundary mobility hindering, when the driving force for
grain growth is balanced with the counterforce exerted by the
secondary phase distribution within the composite.[36] How-
ever, it has been extensively demonstrated that the general case
considers certain features that are far from the real conditions
and, thus, fail toeffectivelypredict theresultingmeangrainsize.
A clear example of this is thoroughly discussed by Manohar
et al. in their review of the evolution of the Zener model
throughout the past years.[35] It is then clear, that a general
descriptive model would not be realistic and, therefore, each
system should be modeled according to its particular set of
processing parameters.
Based on a generalization of the Zener model, Suarez
et al.[21] were further able to adapt it for the prediction of the
mean grain size of a nickel metal matrix composite, reinforced
with different volume fractions of MWCNT by considering a
descriptive shape factor of the CNT. This approach ﬁts
perfectly with the experimental data but, as already stated, is
speciﬁcally linked to the conditions, described in the report.
Considering this as a starting point, the present study is
focused on the adaptation of a Zener model to predict the
ﬁnal obtained mean grain size as a function of the amount of
the three types of CNP studied. As information regarding
hybridization state and particle morphology of carbon
nanoparticles is considered in this study, it provides valuable
information for CNP-reinforced metal matrix composites to a
more general extent.
2. Materials and Methods
2.1. Production
Nickel matrix composites reinforcedwithmultiwall carbon
nanotubes (Baytubes C150P, purity>95%, individual particle
diameter of 5–20 nm), nanodiamonds (NaBond Technologies
Co., purity>98%, individual particle diameter 4–8 nm), or
onion-like carbon (obtained from nanodiamonds) are ana-
lyzed. To synthesize OLC, the nanodiamond powder is
annealed in graphite crucibles in furnace with tungsten
heaters (Model: 1100-3580-W1, Thermal Technology Inc.)
under vacuum (1!10"5mbar) using a heating and cooling
rate of 15 #Cmin"1 and a maximum temperature of 1
750 #C (hold for 3 h). The particle agglomerates are dispersed
in ethylene glycol using a homogenizer (WiseTis, Witeg) and
an ultrasonic bath. The processing steps are described
elsewhere.[23] The obtained dispersions are ﬁnally used as
precursors to manufacture nickel matrix composites with Ni
dendritic powder (Alfa Aesar, "325mesh) with a particle
volume fractions of 0.5, 1, 3, 6.5, and 10 vol%. A hot uniaxial
press (axial pressure of 264MPa) under vacuum (2! 10"6
mbar) is used at 700 #C for 2.5 h to densify the powder
mixture.[23] After densiﬁcation, an additional annealing step
(550 #C for 6 h under vacuum at 2! 10"6mbar) was added in
order to allow for an extended grain growth.
2.2. Characterization
After the production of the composites, the samples are
polished up to 1mmpolishing suspension, afterwhich an oxide
polishing suspension (OPS) is used as ﬁnal preparation step.
Thesamplesare, then, characterized inadualbeamworkstation
FE-SEM/FIBHeliosNanoLab 600TM (FEI). Themean grain size
of the matrix after sintering is measured by electron back-
scattered diffraction (EBSD), with an EDAX TSLTM detector
attached to the electron microscope. The scanned areas are at
least of (250! 250) mm applying an accelerating voltage of
20kV, a current of 22nA, and a step size of 0.3mm. For the
evaluation, a grain was deﬁned as at least two adjacent points
with a misorientation lower than 5#, beyond which a grain
boundary is set. In order to have reliable and representative
statistics, at least 10 000 grains are considered for each
nanoparticle concentration. The acquired raw data is further
post-processed using conﬁdence index (CI) standardization,
followedby the removal of pointswithCIbelow0.09.All grains
intersecting the scan windowwere removed from the analysis.
Furthermore, SEM was used to record micrographs of all
different composites at three independent spots (always same
magniﬁcation of 500 times with a resolution of 1 024! 884) in
order to correlate the mean grain size with the mean
agglomerate diameter. For analysis, the three micrographs
were each divided in four subsections, which were binarized
and segmented using the a4i (Archive4Images) resulting in 12
sub-segments for each particle type and concentration. This
allows determining the area of each individual agglomerate
within the sub-segment. From the area, an equivalent
agglomerate diameter was calculated assuming the agglom-
erates to be fairly round. The agglomerate diameter distribu-
tion for all segments was, then, classiﬁed into 20 equidistant
sections to allow for a graphical illustration of the distribution.
Also, the analyzed areasweremapped by energy dispersive
X-ray spectroscopy (EDX) in order to correlate areas with high
carbon content to the SEM micrographs. An accelerating
voltage of 5 kV and a current of 22nA has been used.
3. Results and Discussion
3.1. Microstructure and Particle Distribution
The acquired grain size data has to be ﬁtted, in order to
calculate the mean grain size and the standard deviation. All
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samples showed a log-normal type of grain size distribution.
Table 1 shows the mean grain size values for each
concentration (area weighed).
In all samples, there is a clear downward trend to a
reﬁnement saturation value, beyond which the mean grain
size starts to increase. Reinert et al.[23] demonstrated that
differences in the agglomerate sizes and the distribution of the
three used CNP can be expected, with nD showing the lowest
and CNT showing the highest tendency to form large
agglomerates. Interestingly, this trend can be correlated to
the, here, obtained saturation values for the grain reﬁne-
ment.[23] For smaller agglomerate sizes (nD-containing
samples), a better distribution of the nanoparticles is expected,
thus, enhancing their grain boundary pinning efﬁciency up
to larger volume fractions. Samples that present a larger
agglomerate size (CNT-containing samples), do not efﬁ-
ciently act on the moving boundaries during sintering. This
has two main reasons: First, larger agglomerates mean that
there is a lower amount of individually distributed particles
at the grain boundaries, and second, large agglomerates
usually present a poor interfacial cohesion to the matrix,
which translates into an inefﬁcient boundary drag and load
transfer.[21]
Due to the nature of the powder blending and manufactur-
ing process, all types of particles are placed at grain
boundaries.[37] It is, therefore, rational to assume that all
the reﬁnement process would take place, only if a proper
interfacial contact between reinforcement and matrix is
provided. Furthermore, it is well known that Ni does not
form any type of carbide phases when combined with C
(under normal conditions).[38] The Ni–C phase diagram
shows a single metastable carbide (Ni3C), which is formed
only under certain non-equilibrium conditions.[39] On one
hand, the formation of this phasewould be certainly beneﬁcial
for the interaction of the grain boundaries with the
reinforcement by providing a seamless interfacial contact.
However, it would be detrimental from the perspective of
retaining the outstanding physical properties of the nano-
particles. Based on the resulting grain size values, reported in
Table 1, it is valid to state that the particles present a very good
interfacial contact to the matrix without chemically reacting
with it, thus, highlighting the remarkable efﬁciency of the
manufacturing process. This has been previously analyzed
and discussed speciﬁcally for the Ni-CNT system,[40] but can
be straightforwardly transferred to both, the Ni-OLC and
Ni-nD systems.
Typical microstructures for the different reinforcement
types are shown in Figure 1. Particularly, the shown scanning
electron micrographs (a–c) belong to the 3 vol% samples,
where the black regions are the particle agglomerates. All
show a homogeneous distribution, and the particle agglom-
erates are placed at the grain boundaries. In order to prove
that the black areas are CNPs, EDX-maps have been added
below the corresponding SEM-micrograph. The Black areas in
these EDX-maps represent the existence of elementary carbon.
Thus, it can be seen, that the elementary carbon distribution
correlates perfectly with the black areas from the SEM-
micrographs.
Figure 2 shows the agglomerate size distribution histo-
grams for each concentration.
It can be observed that in all cases, the nD samples show a
narrower size distribution compared to those of CNT and
OLC. This indicates a close to monomodal size distribution
and is related to the weak agglomeration activity of nD, which
is traced back mainly to their hybridization.[23] CNTand OLC
show a widespread, multimodal agglomerate size distribu-
tion. This is also related to their sp2 hybridization, inwhich the
electron delocalization of the p-orbitals favors their interac-
tion and subsequent agglomeration due to van der Waals
interactions.
The histograms show a correlation, to a certain extent, to
the saturation behavior identiﬁed in the mean grain size
(Table 1). Thus, by increasing the particle fraction, the
agglomerate size is also increased and the reﬁnement
efﬁciency is hindered. Speciﬁcally, the ﬁrst three concen-
trations (0.5, 1, and 3 vol%) show no signiﬁcant differences
between the agglomerate sizes (Figure 2a–c), as they are
all much smaller than a maximum value of almost 7mm. At
6.5 vol%, the difference starts to be noticeable, showing a
wider agglomerate distribution of the CNTs. Finally, the
most critical case in which all samples show a spread
distribution is for the highest evaluated concentration (i.e., 10
vol%). However, even for 10 vol%, nD still show by far
the highest amount of small agglomerates, justifying their
Table 1. Mean grain sizes and their respective standard deviation for all the studied nanoparticles and volume fractions. The values were obtained from EBSD scans. The
saturation value for each type of nanoparticle is highlighted in grey.
CNT OLC nD
Vol. fraction %!1 <d>Areamm!1 "sAreamm!1 <d>Areamm!1 "sAreamm!1 <d>Areamm!1 "sAreamm!1
0 19.57 15.61 19.57 15.61 19.57 15.61
0.5 8.20 9.52 5.58 7.75 7.86 7.77
1 4.66 2.39 3.38 1.58 3.26 1.64
3 4.01 2.31 3.70 1.84 3.55 1.78
6.5 4.23 2.17 2.74 1.53 2.78 1.55
10 4.50 2.53 2.95 1.49 2.32 1.39
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grain reﬁnement effect for up to this concentration. When the
mean grain sizes shown in Table 1 are contrasted to the pure
Ni reference state (mean grain size of 19.5mm), a maximum
ﬁvefold reﬁnement for MWCNT, about 7-fold for OLC and
about 8.5-fold for nD is accomplished. These resulting grain
sizes correspond to 3 vol% of MWCNT, 6.5 vol% of OLC, and
10 vol% of nD.
3.2. Predictive Microstructural Modeling
It has been already shown that the conventional theoreti-
cal models fail to predict the ﬁnal mean grain size in these
types of composites.[21] This is further
supported by the amount of available
models reported throughout the years,
which start from the same original equation,
but render completely different out-
comes.[35] Basically, the Zener model pre-
dicts the critical grain size, at which the
grain boundary driving and drag forces are
balanced and no further growth is possi-
ble.[35,36] There is extensive evidence that, in
order to reliably model a biphasic system,
each feature of the secondary phase must be
considered. Speciﬁcally, in ﬁber-type rein-
forcements, it is of utmost relevance to
precisely know how the contact and relative
orientation between the ﬁber and matrix
might be. This is a non-trivial task, which
can be straightforwardly overcome by
assuming a random distribution of the ﬁber
and considering certain morphological pa-
rameters that would ensure the consider-
ation of the different contact possibilities. Speciﬁcally, for the
case of CNT reinforcements, Lahiri et al.[41] proposed a very
interesting variation of the Zener drag model, in which the
speciﬁc surface area of the CNT is considered. For our
particular case, we further simplify the modeling by
considering the mean agglomerate size of CNP after their
dispersion, which would fundamentally interact with the
grain boundaries as a single body. By starting from the
theoretical model proposed by Smith,[42] a simpler equation
can be derived by combining two known factors (particle
radius and volume fraction):
Fig. 1. Backscattered electron micrographs of the Ni-matrix composites with 3 vol% reinforcement fraction. of
(a) CNT, (b) OLC, and (c) nD. The dark black regions are the different particle agglomerates. This is proven by
EDX-mappings of the same areas for (d) CNT, (e) OLC, and (f) nD. The black regions in these EDX-maps show
areas with elementary carbon content, which correlates perfectly with the black areas of the backscattered electron
micrographs.
Fig. 2. Equivalent mean agglomerate diameter histograms of (a) 0.5 vol%, (b) 1 vol%, (c) 3 vol%, (d) 6.5 vol%, and (e) 10 vol%.
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D ¼ K " r
f n
ð1Þ
In Equation 1,D is themean grain size, r themean radius of
the particle agglomerates after dispersion, f is the reinforce-
ment volume fraction, and K and n are ﬁtting constants that
depend on the material system (matrix and reinforcement).
For the used dispersion process and parameters, it has been
found that all three kinds of CNP behave in the same way,
leading toameanagglomerateradiusof40–70nm.[23]Therefore,
a mean agglomerate radius of 50nm is assumed, here, as a ﬁrst
approximation. Furthermore, since the grain boundary pinning
ismore active at the onset of the graingrowth (largest fraction of
the energy is dissipated due to a larger grain boundary
curvature[36]), the consideration of the initial agglomerate size is
the most suitable way to approach the problem.
It has to be kept in mind, that the reagglomeration behavior
of the different CNP differs, which will result in different ﬁnal
agglomerate sizes in the sintered composite as shown before
in this report. However, as already mentioned, by assuming
that all reinforcement types behave the same (different NP), it
is reasonable to assume that the fundamental role in pinning is
played by agglomerates and not individual NP. Additionally,
no interfacial phases are expected to be formed. Under these
circumstances, the equation can be expressed as follows:
D ¼ 0:99% 0:07
f 0:4
ð2Þ
A n-coefﬁcient of 0.4 can be found for systems, where the
secondary particles are placed at the grain boundaries,[43]
which is true in the case of the used composites.[22,23]
In general, the model is in good agreement to all the
experimental data obtained for nD and OLC, except for 1 vol
%, which might be related to the low concentration and,
therefore, an inhomogeneous distribution of the reinforce-
ment phase (Figure 3). However, the real mean grain size for
CNT is twice as high as predicted by the model for
concentrations higher than 3 vol%. This can be perfectly
correlated to the CNT’s saturation value for the grain
reﬁnement, as shown in Table 1. The CNT show a higher
tendency to form agglomerates due to the high aspect ratio
and sp2-hybridization, leading to a saturation value of the
volume concentration lower than for OLC and nD.[23] The
larger agglomerate sizes lead to a less pronounced grain
pinning effect and, therefore, the model is no longer valid for
those concentrations.
Summarizing, it is observed that OLC and nD retain their
agglomerate size at higher concentrations to a certain degree,
resulting in a better distribution and, thus, a more efﬁcient
grain reﬁnement. The CNT may show multiple interactions
with the grain boundaries depending on how the grain
boundaries come across the CNT. It is expected that the
behavior of the CNT-containing samples are governed by the
randomness of the CNT distribution and their increased
agglomerate size.[44] Finally, it can be stated that the model
proposed, in this report, is suitable for all three systems
analyzed for a wide concentration range, except for larger
CNT concentrations where the model provides a fair
approximation, but with a certain deviancy resulting from
the increased agglomeration activity.
4. Concluding Remarks
After producing and measuring the mean grain size of
CNT, OLC, and nD reinforced nickel matrix composites, a
model based on the Zener equation is successfully adapted to
ﬁt and predict the observed grain reﬁnement for all three
kinds of carbon nanoparticles. It is shown, that the model is
perfectly valid, as long as no saturation value of the grain
reﬁnement effect for the individual particle type is reached.
However, the individual concentration, at which a saturation
value is reached differs and can be correlated to the mean
agglomerate size distribution within the composites. This
difference can be correlated to different reagglomeration
behaviors due to different carbon hybridization states (sp2
versus sp3) or particle geometries (0D versus 1D) for the three
kinds of carbon nanoparticles. In this respect, CNTs show the
highest tendency to build larger agglomerates, thus, reaching
its grain reﬁnement saturation value at lower concentrations
than OLC and nD. Compared to the unreinforced reference
with a mean grain size of 19.5mm, a maximum grain
reﬁnement of a factor of 5 for MWCNT, about 7 for OLC
and about 8.5 for nD is achieved. These values correspond to 3
vol% of MWCNT, 6.5 vol% of OLC, and 10 vol% of nD.
Article first published online: January 31, 2017
Manuscript Revised: January 11, 2017
Manuscript Received: November 4, 2016
Fig. 3. Mean grain size for all different studied systems as a function of the CNP volume
fraction. The blue solid curve represents the empirical Zener boundary pinning model
and the dashed blue lines show its upper and lower bounds as analytically shown in
Equation 2.
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Abstract: In this study, nickel matrix composites reinforced by carbon nanotubes (CNTs) are compared
to unreinforced CNT-coated (by drop-casting) bulk nickel samples in terms of their friction and wear
behavior, thus gaining significant knowledge regarding the tribological influence of CNTs and the
underlying tribo-mechanism. It has been shown that the frictional behavior is mainly influenced by
the CNTs present in the contact zone, as just minor differences in the coefficient of friction between
the examined samples can be observed during run-in. Consequently, the known effect of a refined
microstructure, thus leading to an increased hardness of the CNT reinforced samples, seems to play
a minor role in friction reduction compared to the solid lubrication effect induced by the CNTs.
Additionally, a continuous supply of CNTs to the tribo-contact can be considered isolated for the
reinforced composites, which provides a long-term friction reduction compared to the CNT-coated
sample. Finally, it can be stated that CNTs can withstand the accumulated stress retaining to some
extent their structural state for the given strain. A comprehensive study performed by complementary
analytical methods is employed, including Raman spectroscopy and scanning electron microscopy to
understand the involved friction and wear mechanisms.
Keywords: carbon nanotubes; metal matrix composites; drop casting; solid lubricant
1. Introduction
In recent years, carbon nanotubes (CNTs) have been receiving a lot of attention in the research
community due to their outstanding intrinsic physical properties, particularly mechanical [1] and
thermal [2]. In addition to that, their shape, high aspect ratio and high flexibility rendered them as a
promising candidate for solid lubrication or as a lubricant additive in tribological applications. Several
studies have proved the ability of CNTs to reduce friction and wear; for example, when used as the
reinforcement phase in composites [3–9], as a protective film [10–13], solid lubricant [8–10,12,14,15],
or lubricant additive [16–19]. Although all of these systems show improvements to a different extent,
the tribo-mechanisms inducing these effects are clearly differing and not completely understood. The
variation in testing parameters and tribological systems used make it rather difficult to correlate the
measured effect to the underlying friction and/or wear mechanism. Therefore, the aim of the present
work is to study the behavior of CNTs used as reinforcement phase or as a protective film, but keeping
all the tribological testing parameters fairly constant. Thus, differences in the tribological behavior can
be traced back more easily as a function of the purpose of use.
The main drawback of CNTs is their processing difficulty due to strong van der Waals interactions
that generate agglomerates. This reduces all of the aforementioned properties, as well as the integration
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as a second phase; for example, in composites [20]. One method for facile de-agglomeration of
CNTs is the dispersion in solvents. The CNTs can be dispersed with [21–25] or without prior
functionalization [26,27]. As a functionalization (covalently or non-covalently) changes the chemical
composition and/or physical properties of the CNTs, this should be avoided if effects of CNTs on
an experiment need to be considered in isolation [21–25]. Therefore, for the present research work,
we resigned on functionalizing the CNTs. Based upon our experience in previous studies, ethylene
glycol is chosen as the solvent due to its low toxicity and good dispersion results for CNTs [26,28,29].
Furthermore, polyols like ethylene glycol allow for a subsequent functionalization of CNTs or the
deposition of metal particles onto their surface, establishing the possibility of further research work on
this topic [28].
In order to study the tribological behavior of CNTs, it seems to be reasonable to start with
experiments under dry conditions to avoid the influence of a lubricant such as oil or grease. Thus, there
are two main possibilities: (1) the study of a CNT-film deposited on a surface; or (2) the investigation
of a composite material. Regarding CNT-films on top of surfaces, friction- and wear-reducing effects
are often correlated to the ability of CNTs to roll and, thus, separating the rubbing surfaces. In this
context, the CNTs can act as ball bearings [5,9,30,31]. For example, Dickrell et al. [31] were able to
prove differences in the frictional behavior of CNTs as a function of their orientation on top of a surface.
Often, the friction reduction of CNTs is also explained by their degradation, thus forming a lubricating
graphitic tribolayer [5,8,9,11]. In this case, simulations estimate a contact pressure between 1.5 to
2.5 GPa to deteriorate the CNTs [32].
When it comes to reinforced composites, several influences on friction and wear have to be added
to the discussion. There are three groups of composite materials that have to be distinguished first.
Polymer-matrix composites are mainly used in applications where light weight is desired, but no heat
resistance is needed. Oppositely, ceramic matrices are used where inertness under high temperatures,
as well as high mechanical properties, are required. Finally, metal matrix composites (MMC) lie
between both application fields, presenting an intermediate research field that offers high ductility,
high electrical conductivity, as well as good heat resistivity. Therefore, MMCs are selected in this work
for the composite material. In the case of MMCs, besides the mentioned effects of CNTs, wear reduction
is often referred to as a hindered plastic deformation of the material due to the restricted movement of
dislocations induced by the presence of CNTs [30]. Furthermore, reduced wear can be correlated to the
grain refinement effect, thus inducing an increased hardness (Hall-Petch relation) [29]. Furthermore,
it is important to mention that not only changes in the microstructure affect the tribological properties,
but also the formation of interphases between CNTs and matrix material needs to be considered. In the
literature, it is controversially discussed if there is a formation of interphases in a CNT-reinforced
metal matrix composite, or rather when using which metal matrix [33]. When using nickel as the
matrix material, no chemical reaction between Ni and CNTs can be observed [34,35]. Furthermore,
nickel forms only metastable carbides under very specific conditions, therefore being suitable for a
reinforcement based on CNTs with the parasitic emergence of interphases [36,37]. Consequently, nickel
is chosen as the matrix material in the present study.
2. Results and Discussion
2.1. Frictional Behavior
The different sample sets were first compared in terms of the temporal evolution of the coefficient
of friction (COF) using a ball-on-disk tribometer under linear reciprocating motion and an Al2O3 ball as
counter body. In Figure 1 the COF is plotted as a function of the number of sliding cycles (total sliding
cycles of 200) for the sintered Ni reference, the CNT-coated sample and the CNT-reinforced sample.
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addition to that, entangled CNTs are also transferred to the ball, which can be seen in Figure 2Figure 
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In this case, the CNTs act as solid lubricant as there is no other difference to the nickel reference than 
the CNTs in the contact area [5,10,12,14,15]. Furthermore, it is noteworthy that no oxide formation is 
detected in this case. 
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Figure 1. Temporal evolution of the COF plotted as a function of the number of sliding cycles for a
sintered Ni reference, a CNT-coated, and a CNT-reinforced sample.
The COF of the Ni reference increases during the first 60 cycles from 0.2 to roughly 0.45. In the
beginning of the experiment, only some single asperities of the ball and the substrate are in contact
with each other, thus generating a small contact area. With time (increasing number of sliding cycles),
the initial surface roughness is worn off and the indentation depth of the asperities increases which
leads to an enlargement of the contact area. This is directly related to the increase in the COF as
observed in Figure 1. Moreover, as Raman spectroscopy can show later in this work, the formation
of an oxide layer contributes to the increasing COF, since Ni oxi e is know to act as a high-shear
strength layer [5]. Afterwards, the COF drops slightly dow within the next 90 cycles to a val e of 0.36
remaining stabl for the rest of the measuring ti e. After a certain time, the substr te and the count r
body undergo a transi ion from non-conformal to conformal contact conditions due to the smoothing
of the surfac roughness which results in a reduced COF. The behavior is typical for pure metals and
has bee alr ady extensively investigat d [38].
In case of the CNT-coated s mple, the COF drops down within the first 50 cycles from 0.38 to 0.1,
remaini g stable at this value for the rest of the measurement. The high initial COF may be explained
by shifting large amounts of entangled CNTs to the sides of the we r track within the first sliding
cycles. The shifting and stacking of entangled CNTs requires a higher transversal force, thus resulting
in a higher COF. Subsequently, the wear track can be continuously supplied with small amounts of
CNTs that are transferred from the end of the wear tracks back to the contact area. In addition to that,
entangled CNTs are also transferred to the ball, which can be seen in Figure 2. These transferred CNTs
will also contribute to the continuous supply of CNTs to the contact area. In this case, the CNTs act
as solid lubricant as there is no other difference to the nickel reference than the CNTs in the contact
area [5,10,12,14,15]. Furthermore, it is noteworthy that no oxide formation is detected in this case.
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yield strength of the samples, which is 0.3 for pure Ni and 0.45 GPa for the CNT‐reinforced Ni. Thus, 
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reference [29]. Additionally, a very similar COF can be noticed after the first 50 sliding cycles for the 
CNT‐reinforced sample compared to the CNT‐coated sample. This might be a consequence of the 
embedded  CNT  clusters  that  can  act  as  a  lubricant  reservoir,  supplying  the  rubbing  surfaces 
continuously with CNTs  [5]. As  the COF  of  both  samples  is nearly  identical,  it  is  reasonable  to 
assume that this behavior is mainly induced by CNTs present in the contact zones. 
This being stated, it is of interest to examine the long‐term behavior of these samples. In Figure 
3Figure  3  the  temporal  evolution  of  the  COF  of  the  three  samples  for  20,000  sliding  cycles  is 
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For the Ni reference, it can be observed that the COF decreases within the first 2500 cycles from 
0.4 to 0.35, henceforward remaining fairly constant. With time, the surface asperities are worn off, 
thus generating conformal contact conditions. This process ends after the first 2500 cycles, reaching 
an equilibrium and, thus, steady state conditions [38]. As could also be detected for the 200 sliding 
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Figure 2. Light microscope picture of the Al2O3 counter body having rubbed against the CNT-coated
sample for 200 sliding cycles.
Regarding the CNT-reinforced sample, the COF remains stable and at a low value of around
0.1 over the entire measuring time. Using the Hertzian contact model, the contact pressure for the
given material pairing (Al2O3 against Ni) can be estimated to 1.56 GPa [29]. This value greatly exceeds
the yield strength of the samples, which is 0.3 for pure Ni and 0.45 GPa for the CNT-reinforced Ni.
Thus, a greater penetration depth and a subsequently increased real contact area is resulting for the
Ni reference [29]. Additionally, a very similar COF can be noticed after the first 50 sliding cycles
for the CNT-reinforced sample compared to the CNT-coated sample. This might b a consequence
of the emb dded CNT clusters that ca a t as a lubricant reservoir, supplyi g the rubbing surfaces
continuously with CNTs [5]. As the COF of both samples is nearly identical, it is reasonable to assume
that this behavior is mainly induced by CNTs present in the contact zones.
This being stated, it is of interest to examine the long-term behavior of these samples. In Figure 3
the temporal evolution of the COF of the three samples for 20,000 sliding cycles is depicted.
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Figure 3. Temporal evolution of COF plotted against the number of sliding cycles for a Ni reference,
a CNT-coated sample, and a CNT-reinforced sample.
For the Ni refer nce, it can be observed that the COF decreas s within th first 2500 cycles from
0.4 to 0.35, h nceforward remai ing fairly constant. With time, the sur ace asperiti are worn off,
thus generating conformal cont ct conditions. This process ends after the first 2500 cycles, reaching
an equilibrium and, thus, steady state conditions [38]. As could also be detected for the 200 sliding
cycles, Ni oxide is formed during the run-in. As a consequence, the final COF is mainly influenced
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by this oxide layer. The steady-state COF is also in good agreement with those values reported in the
literature for microcrystalline Ni rubbed against Al2O3 [39].
In the case of CNT-coated Ni, it becomes clear that the COF is just reduced within the first
3000 cycles. During this time interval, the COF increases from 0.1 to 0.35 and also shows some sharp
spikes. These spikes can be explained with the removal of the CNT layer. It is worth mentioning
that this removal is just temporary because CNTs that have been shifted out of the wear track can
be partially transferred back during the sliding movement. In between 3000 and 7000 sliding cycles,
the COF increases from 0.35 to 0.47. This might be a consequence of several influences which act at
the same time. On the one hand, this increase might be attributed to the occurrence of the ongoing
direct contact of the Al2O3 ball with the Ni substrate (increasing contact area), thus showing a similar
behavior as the reference within the first 1000 cycles. Furthermore, the generation of oxide particles
contributes to the increasing COF as discussed for the reference. Finally, the CNTs are not acting as a
lubricant anymore, as they are completely shifted out of the wear track. However, carbon can still be
found in the middle of the wear track as shown by Raman spectroscopy and discussed later in this
work. It is rather unclear, how the observed carbon configuration affects the COF. This topic is subject
of ongoing research work and will be addressed in a follow-up paper. During the next 3000 cycles,
the contacting surfaces undergo a transition from non-conformal to conformal contact conditions.
Additionally, several spikes can be noticed which might be caused by a temporary appearance of
“fresh” CNTs that have been transferred back again from the sides of the wear track to the contact
zone. The observed spikes that show a higher COF can result from the generation of wear particle
accumulations. After 10,000 cycles, the CNT-layer is completely removed and the COF remains stable
for the rest of the measurement, as observed for the reference. This can be explained with the presence
of an oxide layer and the complete absence of CNTs.
The CNT-reinforced sample shows a rather different behavior. For this sample, the COF increases
from 0.1 to 0.3 within the first 500 cycles. During the next 1000 cycles, the COF decreases again to
a value of 0.25. For the remaining testing time, the COF fluctuates between 0.25 and 0.3. The first
increase can be explained by the increasing contact area, as asperities of the ball and the substrate are
worn off with time and the surface is slightly indented by the counter body. Afterwards, the decrease
of COF seems to be a consequence of CNTs that reach the contact area as they are released from the
agglomerate clusters inside the nickel matrix due to wear. The fluctuation in the third part might be
explained by the limited amount of CNTs that can be transferred to the contact area. In other words,
while the surface is worn off, new CNTs will be continuously shifted to the contact area, thus supplying
the contact zone with new solid lubricant. However, it is worth mentioning that the amount of CNTs
transferred to the contact zone will differ with time due to the slightly inhomogeneous distribution of
CNT clusters in the bulk material. Another reason for a fluctuation of the COF might be the mild and
very irregular formation of oxides within the wear track. This can be explained by a partial protection
against oxidation induced by the irregular presence of CNTs, as carbon can act as an oxygen diffusion
barrier. This is because of the higher stability of carbon oxide compared to Ni oxide, which can be seen
in the corresponding Ellingham diagram.
2.2. Wear Behavior
In general, it can be pointed out that different wear mechanisms are normally acting
simultaneously during a tribological experiment. Therefore, only the dominating mechanisms are
named and discussed in the following section. In Figure 4, SEM micrographs of the wear tracks
observed on the Ni reference after 200 (a) and 20,000 sliding cycles (b) are depicted.
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of the middle of the wear tracks (highest sliding velocity) are given using a higher magnification. 
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Figure 4. Wear tracks after 200 (a) and 20,000 (b) sliding cycles on the Ni reference. Detailed images of
the middle of the wear tracks (highest sliding velocity) are given using a higher magnification.
It can be stated that the main wear mechanism for both wear tracks is plowing. This is evident
as the hardness of the counter body (Al2O3 ball) greatly exceeds the hardness of the nickel reference.
Furthermore, the formation of Ni oxide particles can additionally add an abrasive component.
Particularly for NiO, it has also been proven that it acts as a high shear strength layer which increases
the COF [5]. Together with the increasing contact area during the run-in process, this leads to an
enlarged COF. The oxide formation was studied by Raman spectroscopy and will be further discussed
in the next section of the present work.
Furthermore, an e larg d wea track width after 20,000 sliding ycl s ear track compared to
200 cycles is clearly noticeable. This is a consequence of the ongoing indentation of the Al2O3 ball into
the sample during the measurement, thus generating a larger contact area with the flanks of the ball
and, thus, expanding the width of the wear track.
In Figure 5, the corresponding wear tracks for the CNT-coated sample are displayed.
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Figure 5. Wear tracks of the CNT-coated sample after 200 (a) and 20,000 sliding cycles (b). Detailed
images of the middle of the wear tracks (highest sliding velocity) are given using a higher magnification.
In case of the 200 sliding cycles, no severe wear of the nickel substrate can be noticed. Apart from
slight scratches that might have been generated by larger asperities of the ball the Ni surface is still
polished. It is worth mentioning that even after the tribological experiment, individual grains can still
be recognized, which is only possible for highly-polished surfaces. Inside of the mentioned scratches,
CNTs can be found which is verified by Raman spectroscopy. These CNTs, as well as the CNTs from
the wear track end, can lubricate the sample, thus preventing the occurrence of severe wear. In general,
the absen e of severe wear demon trates that the t mporal evolution of the COF for 200 cycles is
mainly dominated by he contact of the CNT-coating with the unter body, acting as a protective
layer for the i substrate. Furthermore, no oxide formation can be detected. This observation seems to
be reasonable as there is almost no direct contact between the counter body and the Ni substrate. The
lack of oxides might also contribute to the low COF observed for the 200 sliding cycles.
For 20,000 sliding cycles, two areas in the wear tracks can be distinguished. On the one hand,
in the middle of the wear track, a small area (width between 60 and 70 µm) with severe wear and
pronounced plowing as well as oxidation marks can be found. On the other hand, a wider wear
track having some slight scrat hes and a simila appearance compared to the wear tr ck observed
after 200 sliding cycles is clearly visible. When comparing the wear track widths after 200 and 20,000,
it is noticeable that the wear track width is more or less constant. The area, where severe wear occurs
might be connected to the increasing COF after 3000 cycles, when the Al2O3 ball potentially gets in
full contact to the Ni substrate. Thus, from this point on, the similar behavior of the COF compared
to the Ni reference could be explained by this hypothesis. As for the reference, the dominating wear
mechanism is most probably plowing. Additionally, similar to the reference, an oxide formation can
be observed in the middle. Moreover, at the ends of the wear track, oxidic wear particles are deposited.
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The formation of these particles mainly contributes to the increasing COF during run-in, thus showing
a similar frictional behavior as the reference. However, in contrast to the Ni reference, the width of the
area with severe wear occurrence is decreased which might be due to the CNTs that avoid the direct
contact of the flanks of the ball with the Ni substrate.
In Figure 6, the wear track on the CNT-reinforced sample after 20,000 cycles is depicted.
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Figure 6. Wear track of the CNT-reinforced sample after 20,000 sliding cycles (b) imaged at
different positions. The upper part of the wear track (a) as well as the middle (c) are shown in a
higher magnification.
Althou h the dominating wear m chanism is, again, plowing, the wear track seems to be very
inhomoge eous. In s me areas, severe wear occurs, whereas other parts are nearly unaffected. Having
a closer look at the areas with less wear, it can be observed that CNT clusters are present in these areas.
As a consequence, the inhomogeneous wear track can be well correlated with the distribution of the
CNT clusters within the composite. In addition to this, a large amount of oxidic wear particles can
be found at the ends of the wear track, but less oxidic wear particles can be determined within the
wear track. It might be reasonable to assume that these particles are shifted out of the contact zone,
thus having a reduced influence of the resulting COF. Additionally, as there is a continuous supply
of “fresh” CNTs during the tribological easurement, the sample is always lubricated. Noticing that
the COF is not as low as i t beginning of the measurement of the CNT-coated sample, this mainly
seems to be a function of the amount of CNTs involved in the process and present in the tribological
contact zone. Consequently, a better distribution of CNT clusters, as well as a higher amount in the
contact zone would probably lower the resulting COF to a larger extent and allows for improved wear
protection of the composite material. This is currently subject of ongoing research work and will be
published by the authors in a follow-up paper.
2.3. Structural and Chemical Analysis of the Wear Tracks
Raman spectroscopy is widely recognized as the most suitable technique to assess the structural
state of sp2 carbon materials. In the specific case of CNTs, this technique provides very useful
information for the roper description of their defect and purity state [40]. Within the t pical reso ances
in CNTs, the most relevant are the D (defect-related), G (graphitic lattice-related), and G1 (second order
resonance, purity-related) bands [41]. Additionally, the analysis of the FWHM of the G band (GG)
depict the evolution of the crystallinity of the graphitic lattice [37]. Finally, it has been empirically
shown that the distance between defects is related to the excitation wavelength ( ) of the spectrometer
and the intensity ratio of the D and G band [42,43]. This distance can, thus, be calculated by [43]:
La “
´
2.4ˆ 10´10
¯
¨  4laser¨
ˆ
ID
IG
˙´1
(1)
It is important to consider that, since Raman spectroscopy is a volume-sensitive technique, it is
necessary to normalize the information (to the peak with the maximum intensity) and that only a
comparison of intensity ratios provides reliable information.
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For this study, we focused our analysis on the most relevant structural indicators obtained by
Raman spectroscopy, namely: defect index (ID/IG), purity index (IG1/ID), G-band center position (XCG),
crystallinity (GG), and mean inter-defect distance (La).
Figure 7 shows the spectra of different positions within and outside the wear track for the
CNT-coated sample after 200 sliding cycles. Region A lies outside the contact zone, region B consists
of distributed carbon phase within the track, region C contains distributed agglomerates inside the
track, region D contains CNTs within a wear scratch and, finally, region E is at the center of the
wear track. Generally, all spectra show a similar peak distribution except for that taken at spot E.
In this case, there are no peaks whatsoever, representing a typical result of a pure metal. It is well
known that metals with either fcc, hcp, or bcc crystal lattices present no first-order Raman spectra [44].
Interestingly, by considering the quantitative analysis of the Raman data presented in Table 1, several
conclusions can be drawn. First, a clear degradation of the CNTs structural quality can be observed
as we move towards the center of the wear track. This is supported by an increasing ID/IG ratio and
certainly, by a reduction in the mean inter-defect distance. However, the crystallinity does not show
a significant deviation within the measured values, thus withstanding a possible conclusion in this
respect. Regarding the purity index, it follows a similar behavior as the crystallinity, being directly
related to the deterioration of the graphitic structure into an amorphous-type sp2 carbon phase.
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Table 1. Descriptive parameters obtained by Raman spectroscopy of  the CNT‐coated sample after 
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Figure 7. Raman spectra of different spots of the wear track taken from the CNT-coated sample after
200 sliding cycles.
Table 1. Descriptive parameters obtained by Raman spectroscopy of the CNT-coated sample after
200 sliding cycles.
Position ID/IG IG1 /ID XCG (cm´1) GG (cm´1) La (nm)
Reference 1.247 0.435 1593.0 73.9 15.4
A 1.360 0.319 1593.9 62.3 14.1
B 1.461 0.314 1594.4 79.1 13.2
C 1.511 0.313 1593.1 75.9 12.7
D 1.591 0.251 1594.8 75.6 12.1
E — — — — —
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The Raman spectra of the CNT-coated sample tested for 20,000 sliding cycles are shown in
Figure 8. Here, three different regions are clearly noticeable. Region A is on the edge of the track,
where apparently lightly modified CNTs are. Region B lies within the contact zone, where the CNTs
seem to be embedded in the matrix. Finally, region C (light grey zone) is where the highest contact
pressure was applied.
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The  quantification  of  the Raman  spectra  (Table  2Table  2)  provides  similar  results  as  those 
shown for 200 cycles regarding tendencies on the different intensity ratios analyzed. However, due 
to the longer measuring time, the effects become more evident. Specifically, there is a clear increment 
in  the defect  ratio  (and subsequently,  the  inter‐defect distance),  related  to  the  increased exposure 
time to the tribological contact. Furthermore, the quality indicators (purity index and crystallinity) 
show  a  strong  degradation  of  the  CNTs  towards  a  different  carbon  configuration,  namely 
amorphous nano‐carbons. This  is  also  strongly  supported  by  the G‐band  shift  towards  a higher 
Raman shift [45]. 
Table 2. Descriptive parameters obtained by Raman spectroscopy of  the CNT‐coated sample after 
20,000 sliding cycles. 
Position  ID/IG IG’/ID  XCG (cm−1) ΓG (cm−1) La (nm)
Reference  1.247 0.435  1593.0  73.9  15.4 
A  1.373 0.303  1592.3  80.2  14.0 
B  1.493 0.294  1594.2  93.8  12.9 
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Figure 8. Raman spectra of different spots of the wear track taken from the CNT-coated sample after
20,000 sliding cycles.
The quantification of the Raman spectra (Table 2) provides similar results as those shown for
200 cycles regarding tendencies on the different intensity ratios analyzed. However, due to the
longer measuring time, the effects become more evident. Specifically, there is a clear increment in the
defect ratio (and subsequently, the inter-defect distance), related to the increased exposure time to the
tribological contact. Furthermore, the quality indicators (purity index and crystallinity) show a strong
degradatio of the CNTs towards a different carbon configuration, namely amorphous nano-carbons.
This is also strongly supported by the G-band shift towards a higher Raman shift [45].
Table 2. Descriptive parameters obtained by Raman spectroscopy of the CNT-coated sample after
20,000 sliding cycles.
Position ID/IG IG’/ID XCG (cm´1) GG (cm´1) La (nm)
Reference 1.247 0.435 1593.0 73.9 15.4
A 1.373 0.303 1592.3 80.2 14.0
B 1.493 0.294 1594.2 93.8 12.9
C — — 1607.1 — —
Regarding the surface chemistry after the tribological experiments, all studied cases showed the
presence of Ni oxide (NiO) [46,47]. This is straightforwardly detected with Raman spectroscopy by
observing the resonance at 550 and 1100 cm´1.
Specifically, the peak at 550 cm´1 corresponds to a one-phonon (1P) scattering and the peak at
1100 cm´1 corresponds to a two-phonon (2P) scattering process [46,47]. Figure 9 shows the spectra
of the samples in the range of interest. The 1P scattering is detected in all the samples, whereas 2P
is observable only in the reference sample, even after only 200 cycles. This would indicate that the
Lubricants 2016, 4, 11 11 of 15
oxidation activity was stronger in the absence of CNTs which is related to the capability of the CNTs to
avoid the direct exposure of the metal to the environment. Particularly, in the case of the CNT-coated
samples, the protection is evident. However, in the case of the CNT-reinforced Ni, the behavior is quite
different. The protection is achieved only after a CNT-layer is formed after run-in, where the CNTs are
provided by the agglomerates present within the matrix.
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Finally, we analyzed the state of the CNTs that were transferred from the coating to the counter 
body during the experiment. The Raman spectra and its subsequent quantitative analysis are shown 
in Figure 10Figure 10 and Table 3Table 3,  respectively. As  for  the  substrate, an  increment  in  the 
defect  ratio and  the  inter‐defect distance can be observed which  is proportional  to  the  increasing 
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Figure 9. Raman spectra of the studied samples in the range from 300 to 1700 cm´1. (a) CNT-reinforced
Ni 20,000 cycl s; (b) CNT-coated Ni 20,000 cycles; (c) Ni reference 200 cycles; and (d) Ni reference
20,000 cycles. The resonance bands for NiO (1P and 2P) and sp2 carbon (D and G) are shown
for comparison.
Finally, we analyzed the state of the CNTs tha were transferred from the coating to e counte
body during the experiment. The Raman spectra and its subsequent quantitative analysis are shown
in Figure 10 and Table 3, respectively. As for the substrate, an increment in the defect ratio and the
inter-defect distance can be observed which is proportional to the increasing exposure time of the
CNTs in the tribological contact.
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3.2. Chemical Characterization and Wear Track Analysis 
Figure 10. Raman spectra of the transferred CNTs from the coating to the counter body (alumina ball).
Table 3. Descript ve parameters obtained by Raman spectroscopy of the CNT-coated sample after
20,000 sliding cycles.
Position ID/IG IG1 /ID XCG (cm´1) GG (cm´1) La (nm)
Reference 1.247 0.435 1593.0 73.9 15.4
500 1.436 0.336 1594.1 73.8 13.4
20,000 1.521 0.387 1594.9 84.5 12.6
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3. Experimental Section
3.1. Materials
Commercially available multi-walled CNTs (Baytubes C150P from Bayer (Leverkusen, Germany),
purity >95%, individual particle diameter of 5–20 nm) and dendritic Ni powder (Alfa Aesar (Karlsruhe,
Germany), maximum particle size of 44 µm, purity of 99.8%) were used as starting materials. They
were blended by a colloidal mixing process using ethylene glycol as solvent. In order to ensure good
dispersion, a homogenizer (WiseTis, Witeg) and an ultrasonic bath (Sonorex Super RK 514, Bandelin,
860 W, 35 kHz) were employed for five and 20 min, respectively. These processing parameters, as well
as a concentration of 0.006 vol% of CNTs in the solvent were chosen according to previous studies [26].
In a previous study, the zeta-potential of this system was determined to be 21.7 ˘ 1.4 mV [26].
After the dispersion process, the solvent was evaporated in a furnace at 150 ˝C. The obtained
powder mixtures were used to fabricate nickel matrix composites with 1 wt % MWCNTs. In order to
do so, the powder was consolidated using an axial pressure of 990 MPa to generate cylindrical samples
with a diameter of 8 mm. Afterwards, these samples were densified in a hot uniaxial press under
vacuum (10´4 Pa) at 1023 K for 2.5 h.
The CNT-coated Ni samples were manufactured by drop-casting. The suspension consisted of
a dispersion of the already-described CNTs in ethylene glycol with a concentration of 0.4 mg/mL.
The deposition process was based on the pre-heating of the sample up to 150 ˝C and the sequential
drop deposition up to an accumulated amount of 20 drops. The individual drop volume was 50 µL.
After the first drying step (drop evaporation), the samples were dried in a ventilated furnace at 200 ˝C
for 2 h, in order to fully remove the remaining solvent.
3.2. Chemical Characterization and Wear Track Analysis
After the fabrication of the nickel matrix composites, the samples were grinded and polished
(ending with a 1 µm diamond polishing suspension) in order to guarantee a good surface quality with
a root mean square roughness of 2.8 ˘ 0.5 nm.
Prior to and after the tribological experiments, Raman spectra were recorded using an inVia
Raman microscope (Renishaw) with an excitation wavelength of 532 nm in order to study the quality
of the CNTs and to investigate tribo-oxidational effects. The data was recorded using a grating with
2400 lines per mm, a 50x-objective (numeric aperture: 0.9) and a laser power of 0.2 mW. The optical
elements of the Raman microscope used in this analysis produced a laser spot size of roughly 5 µm
(full width at half maximum), a spectral resolution of about 1.2 cm´1 and a penetration depth of
approximately 1 µm.
After the tribological measurements, the samples were imaged by light microscopy (BX 60,
Olympus) or scanning electron microscopy (Helios Nanolab 600, FEI) in order to investigate the wear
tracks which can get a hint to the underlying friction and wear mechanisms. For scanning electron
microscopy, a voltage of 5 kV was applied using a working distance of 4 mm.
3.3. Tribological Experiments
Tribological experiments under dry sliding conditions were conducted using a ball-on-disk
tribometer (CSM Instruments) in linear reciprocating sliding mode with a stroke length of 0.6 mm,
a maximum sliding speed of 1 mm/s and a normal load of 100 mN. The number of cycles was set to be
200 and 20,000 cycles in order to study the run-in behavior and the long-term stability of the fabricated
samples (CNT-composites and CNT-coated samples). The counter body was an Al2O3 ball with a
diameter of 6 mm. This ball material was chosen to avoid any plastic deformation of the counter body.
The ball is mounted on a cantilever with a stiffness of 0.7624 µN/µm in normal and 1.1447 µN/µm
in tangential direction. During the experiment, the deflections of the cantilever in the horizontal and
vertical direction are measured using optical fiber displacement sensors. Consequently, the normal
and friction force can be calculated, thus, resulting in the continuous measurement of the COF with
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a frequency of 100 Hz. A mean value for each sliding cycle was then calculated from the absolute
measured raw values of one forward and backward motion, excluding the data obtained at the reversal
points. Finally, the mean value of each sliding cycle was plotted as a function of the total sliding cycles.
Temperature and relative humidity were kept constant at 20 ˘ 2 ˝C and 4% ˘ 1%, respectively.
4. Conclusions
In this work, we were able to compare (by fixing the testing parameters) the frictional behavior
of CNT-reinforced and CNT-coated samples. With regard to the tribological short-term experiments
(200 sliding cycles), both samples induce a significant friction reduction (roughly by a factor of four)
under dry friction, compared to the polished reference. It can be stated that the frictional behavior
is mainly influenced by the CNTs present in the contact zone, as no difference in the COF between
both samples can be observed. As a consequence, the known effect of a refined microstructure, thus
leading to an increased hardness of the CNT reinforced samples seems to play a minor role in friction
reduction compared to the solid lubrication effect induced by the CNTs.
Regarding the tribological long-term experiments (20.000 sliding cycles), it could be observed that
the friction reduction of the CNT-coated samples just lasts for the first 3000 cycles after which the COF
approaches the value of the reference. This can be explained by the gradual removal of CNTs from
the contact zone. In contrast to that, the CNT-reinforced sample demonstrates a pronounced friction
reduction over the entire 20.000 sliding cycles, which can be attributed mainly to the continuous supply
of CNTs to the contact zone. In conjunction to the mentioned points, the generation of wear particles
and the formation of an oxide layer (high shear strength layer) have to be taken into consideration.
In this context, CNTs proved to act as an efficient barrier to avoid the oxidation of the contact region
during the experiments. The avoidance of the oxidation turns out very useful, since the generation of a
superficial oxide would unavoidably increase the COF due to an increased shear strength.
Regarding the structural resistance of the CNTs during the tribological experiments, we were able
to show that even for extended test duration, the CNTs can withstand the accumulated stress, retaining
to some extent their structural state. The occurrence of amorphous nano-carbons within the wear track
of the CNT-reinforced sample and their effect on the tribological properties of the composite is subject
of ongoing research work and will be published by the authors in a follow-up paper.
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Long-lasting solid lubrication by 
CNT-coated patterned surfaces
L. Reinert, F. Lasserre, C. Gachot, P. Grützmacher, T. MacLucas, N. Souza, F. Mücklich & 
S. Suarez
The use of lubricants (solid or liquid) is a well-known and suitable approach to reduce friction and 
wear of moving machine components. Another possibility to influence the tribological behaviour is 
the formation of well-defined surface topographies such as dimples, bumps or lattice-like pattern 
geometries by laser surface texturing. However, both methods are limited in their effect: surface 
textures may be gradually destroyed by plastic deformation and lubricants may be removed from 
the contact area, therefore no longer properly protecting the contacting surfaces. The present study 
focuses on the combination of both methods as an integral solution, overcoming individual limitations 
of each method. Multiwall carbon nanotubes (MWCNT), a known solid lubricant, are deposited onto 
laser surface textured samples by electrophoretic deposition. The frictional behaviour is recorded 
by a tribometer and resulting wear tracks are analysed by scanning electron microscopy and Raman 
spectroscopy in order to reveal the acting tribological mechanisms. The combined approach shows an 
extended, minimum fivefold longevity of the lubrication and a significantly reduced degradation of 
the laser textures. Raman spectroscopy proves decelerated MWCNT degradation and oxide formation 
in the contact. Finally, a lubricant entrapping model based on surface texturing is proposed and 
demonstrated.
With the increasing demand for lower energy consumption and CO2 emissions, the urge to reduce friction and 
wear to a minimal level, for example in automotive parts such as cylinder liners, piston rings or bearings in pas-
senger cars, becomes increasingly important1. Introducing surface textures in materials has proven to be effective 
at lowering the coefficient of friction (COF) by reducing the real area of contact and by trapping wear debris and 
thus reducing the ploughing component of the COF2,3.
Out of various techniques to create well-defined surface patterns such as honing, micro coining or lithog-
raphy, laser surface texturing (LST) and in particular direct laser interference patterning (DLIP) are suitable 
approaches4–6. In case of DLIP, interference fields produced by several coherent high-power laser sub-beams melt 
and shift material according to temperature- and thus surface tension gradients. This produces periodic patterns 
composed of different interference geometries such as line-, dot- or even lattice-like textures with typical feature 
sizes in the order of microns- down to several sub-microns, depending on the material4.
Studies on the tribological behaviour of DLIP-processed metallic surfaces have shown a significant reduction 
in friction and wear2,3. In addition to the effects caused by a reduced contact area and trapping of wear debris, 
the depressions of a textured surface may act as reservoirs for liquid or even solid lubricants, thus supplying the 
loaded contact with lubricants if necessary7,8. This mainly enhances the longevity of the lubrication and therefore 
avoids premature failure of machine components.
As far as solid lubricants or protective coatings are concerned, graphite, MoS2, DLC or Carbon Nanotube 
(CNT) coatings, amongst others, are able to mitigate friction and wear in loaded contacts. CNTs have received 
special attention due to their shape, high aspect ratio, sp2-carbon hybridisation state and high flexibility. Several 
studies have proved the ability of CNTs to reduce friction and wear, for example when used as reinforcement 
phase in composites9–14, as protective film15–18, solid lubricant15,17,19,20 or lubricant additive21–24. Regarding their 
friction- and wear-reducing effects, CNTs are often linked to roller bearings11,25,26, effectively rolling and separat-
ing the rubbing surfaces. Dickrell et al.26 were able to prove differences in the frictional behaviour of CNTs as a 
function of their orientation on top of a surface. Often, the friction reduction of CNTs is also explained by their 
degradation, forming a lubricating carbonaceous tribolayer11,16. In this case, simulations estimate a contact pres-
sure threshold between 1.5 to 2.5 GPa to deteriorate the CNTs27.
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Despite the abovementioned advantages, laser surface texturing and solid lubricants/protective films also have 
some drawbacks. In particular, surface textures may be gradually destroyed by plastic deformation, especially at 
the asperities with high local contact pressures2,3. Furthermore, coatings may be removed from the contact area 
depending on the loading conditions, thereby diminishing surface protection28.
The present study attempts to overcome these weaknesses by combining both approaches, namely, lubrication 
and its storage in textured depressions thus enhancing the endurance and efficiency of both, as well as reducing 
the COF. In order to do so, it is decisive to be able to copy an underlying texture (or in general complex geome-
tries) with a homogeneous coating thickness.
Regarding the fabrication of CNT coatings, several techniques have been applied so far, including spray29 and 
dip coating30, CVD31, drop casting28 etc. Among those, electrophoretic deposition (EPD) has been successfully 
identified as a suitable, straightforward and easily scalable technique to deposit CNT films on different materi-
als like metals or ceramics32. EPD is based on the electrophoresis principle: the motion of charged particles in 
an electric field and the subsequent adhesion/physisorption of these particles onto an electrode substrate in a 
fluid medium. It allows for short processing times, no shaping constraints, and homogeneous as well as con-
trolled depositions, compared to drop casting or spin coating for example32,33. Decisively, EPD allows for copying 
complex geometries and textured surfaces resulting in an efficient deposition of coatings with homogeneous 
thicknesses32. For the given reasons, this study focuses on the combination of DLIP and EPD-deposited, multiwall 
CNT (MWCNT) coatings in order to study the tribological performance.
A commercially available steel (AISI 316) will be used as substrate material because of its technological rel-
evance and due to the experience of our research group with this material in terms of laser patterning and the 
related effects on microstructural and chemical changes in the material34. The tribological results will be care-
fully analysed in terms of the coefficient of friction and the corresponding wear tracks. The wear tracks are ana-
lysed in light of microstructural and chemical findings by SEM/FIB and Raman spectroscopy, which also allows 
correlating the structural state of the MWCNTs with the tribological results. The tribological behaviour of the 
MWCNT-coated structures will be contrasted with that of bare (unlubricated) structures to isolate correspond-
ing effects. Finally, a model will be presented which aims at explaining the mechanisms of entrapping the solid 
lubricant in the texture depressions.
Experimental Section
Materials. Commercially available MWCNTs (purchased at graphene supermarket, diameter 50–85 nm, 
length 10–15 µ m) and steel (austenitic stainless steel AISI 316L) with a mirror-polished surface finish and a size 
of 20 × 20 × 1 mm3 were used as starting materials.
Laser texturing. A pulsed Nd: YAG laser (Spectra Physics, Quanta Ray PRO 290) with a pulse duration of 
10 ns and a repetition rate of 10 Hz was used for the laser structuring of the polished steel substrates. The primary 
laser beam was split into two sub-beams with equal intensity using suitable beam splitters. An overlap of these 
beams on the sample surface results in a line-like interference pattern. Due to the absorption characteristics of 
steel, the third harmonic of the laser system at 355 nm and a laser fluence of 400 mJ cm−2 were selected. Both, the 
laser fluence and a structural periodicity of the interference pattern (line spacing) of 9 µ m were chosen based on 
previous studies that show the highest homogeneity of the structures using these parameters2,3.
Roughness measurement. The roughness of the polished steel samples and the laser textured samples 
was measured using a white light interferometer (Zygo New View 7300) equipped with a 3-D imaging surface 
structure analyser. The root mean square roughness of the polished steel reference and the laser textured sample 
was 30 nm and 300 nm, respectively.
Fabrication of CNT films. CNT functionalisation. The main drawback in CNT processing is the strong 
van der Waals interactions that generate agglomerates. During EPD, for instance, larger (and heavier) particles 
need larger voltages to be deposited, due to an enhanced viscous drag. However, the use of larger voltages tends 
to further aggregate separated CNTs35. Deposition thus loses homogeneity and density and incorporates pores35. 
Furthermore, larger particles tend to flocculate and settle leading to gradient film thicknesses in vertical electrode 
configurations33. In the case of non-flat surfaces the deposited material cannot replicate the original surface, 
which may translate to an easier detachment of the coating.
For the given reasons and the fact that CNTs are quasi inert and therefore unreactive during EPD, a covalent 
functionalisation step has been performed as suggested elsewhere36. 3 g of CNTs were refluxed in 225 ml of mixed 
concentrated nitric (68%, 168.75 ml) and sulfuric (97%, 56.25 ml) acid at 130 °C for 30 minutes. This step leads 
to the creation of acidic sites on the surface of the nanotubes, improving CNT dispersion and stabilisation by 
conferring a negative charge to the surface of the nanotubes36 and thus aiding the EPD process by reducing the 
presence of agglomerates. Afterwards, rinsing steps with deionised water were carried out with a 2 µ m pore size 
filter. Finally, the CNTs were dried in a ventilated oven at 100 °C for 3 h to allow for the evaporation of water.
EPD process. For the deposition process, the mirror-polished reference and the laser-textured steel plates were 
used as electrodes. The plates were cleaned to remove possible contaminants, organic or other, that could interfere 
with the correct deposition of the CNTs. The cleaning consisted in a sequence of 10 min ultrasound steps, each in 
cyclohexane, acetone and isopropanol alternated with deionised water rinsing, except for the last step, immedi-
ately followed by drying in pressurised air.
A 0.25 mg ml−1 CNT solution was prepared by mixing the functionalised CNTs and acetone in a homogen-
iser (WiseTis HG-15, Witeg–Germany) for 5 min and ultrasonicating the solution for another 10 min in a bath 
(Bandelin sonorex super RK 514 BH, 35 kHz–860 W)37. Afterwards, 3 ml of triethylamine (TEA) were added in 
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order to assist in the deprotonation of the CNT acidic groups38. Finally, the negatively charged CNTs could be 
deposited onto the anode (anodic deposition).
The electrophoretic depositions were performed in a deposition cell at a constant voltage of 20 V for 10 min, 
maintaining an electrode separation of 1.3 cm. After the deposition, the electrodes were taken out of the solution, 
keeping the voltage for 5 min. This assures that the film does not crack during the extraction of the electrodes 
from the liquid and also helps in the drying process39.
Chemical characterisation and wear track analysis. After the deposition of the CNT layer on the steel substrate, 
tribological experiments were performed. Prior to and after the tribological experiments, Raman spectra were 
acquired using an inVia Raman microscope (Renishaw) with an excitation wavelength of 532 nm in order to study 
the quality of the CNTs and to investigate tribo-oxidational effects. The data was recorded using a grating of 2400 
lines mm−1, a 50x objective (numeric aperture: 0.9) and a laser power of 2 mW. The optical elements of the Raman 
microscope used in this analysis produced a laser spot size of roughly 5 µ m (full width at half maximum) and a 
spectral resolution of about 1.2 cm−1. Every area is measured at least three times at different spots for statistical 
back-up and the mean value including the standard deviation is plotted.
After the tribological measurements, the samples were imaged using scanning electron microscopy (Helios 
Nanolab 600, FEI) in order to investigate the wear tracks, so as to analyse the potential underlying friction and 
wear mechanisms.
Tribological Experiments. Tribological experiments under dry sliding conditions (no additional oil or grease) 
were conducted using a ball-on-disk tribometer (CSM Instruments) in linear reciprocating sliding mode with 
a stroke length of 0.6 mm, a maximum sliding speed of 1 mm/s and a normal load of 100 mN. The number of 
cycles was set to 500 and 10.000 cycles in order to study the run-in behaviour and the long-term stability of the 
fabricated samples. The counter body was an Al2O3 ball with a diameter of 6 mm. The stroke length was chosen 
short enough to allow for several measurements at different spots of one sample, but also long enough to cover 67 
maximum positions of the laser texture per stroke, therefore providing sufficient statistics. The normal load pro-
duces a contact radius of about 12 µ m and a contact pressure of 346 MPa for the given material pairing (alumina 
against steel), calculated with the Hertzian contact model40,41 (used mechanical properties of the materials can be 
found in the supplementary information). This means, that at least two maximum positions of the laser texture 
are in direct contact with the ball at any time of the measurement. The choice of the ball material was made to 
avoid any plastic deformation of the counter body. The ball is mounted on a cantilever with a stiffness of 0.7624 µ 
N µ m−1 and 1.1447 µ N µ m−1 in normal and tangential directions, respectively. During the experiment, the deflec-
tions of the cantilever in the horizontal and vertical direction are measured using optical fibre displacement sen-
sors. Consequently, the normal and friction forces can be calculated thus resulting in the coefficient of friction. 
Temperature and relative humidity were kept constant at 20 ± 2 °C and 4% ± 1%, respectively. All tribological 
experiments were conducted in perpendicular sliding direction in relation to the produced line-like laser-texture. 
This is because of previous studies showing the most pronounced friction and wear reducing effects when using 
this configuration2,3. For every sample, three measurements were conducted and the mean value including stand-
ard deviation was built and plotted against the number of sliding cycles.
Results and Discussion
EPD coating. After laser-texturing (Fig. 1c), the samples were coated with CNTs by EPD. As expected from the 
negative surface charge of the functionalised CNTs, the deposition occurs at the anode and without any detection 
of hydrogen evolution during the deposition. Both untextured and textured samples could be homogenously coated 
(Fig. 1a,b). The deposited thickness is 1–2 µ m, measured at different spots of either sample type by FIB-cross sections. 
Furthermore, the cross-sections (insets of Fig. 1a,b) show that the CNT film follows the surface’s profile. Finally, small 
CNT agglomerates are found within the coatings, possibly a consequence of the stated van der Waals interactions. 
Nonetheless, the entire surface is covered with disaggregated CNTs, providing a consistent surface coating.
Figure 1. SEM micrographs of coated (a) untextured and (b) textured samples and (c) an as-textured sample. 
The structural periodicity of both laser textures is 9 µ m. The insets in (a,b) show FIB-cross sections of the 
corresponding sample. There, the CNT-film can be seen between the steel substrate and the Pt protective film 
used for the cross section.
www.nature.com/scientificreports/
4Scientific RepoRts | 7:42873 | DOI: 10.1038/srep42873
Frictional behaviour. The different sample sets were compared in terms of the temporal evolution of the 
coefficient of friction (COF), which can be seen in Fig. 2 for a maximum of 500 sliding cycles.
The COF of the reference increases during the first 200 sliding cycles from 0.25 to roughly 0.7. After 200 slid-
ing cycles, the COF remains stable at 0.7, thus reaching steady state conditions. The described behaviour is typical 
for pure metals and has already been extensively investigated elsewhere42. In the beginning of the experiment, 
only few single asperities of the ball and the substrate are in contact with each other thus generating a small con-
tact area and consequently, a small COF. The increasing COF can be explained by the increasing real contact area, 
which is generated by wearing off said asperities and also by increasing the indentation depth of the ball into the 
substrate. However, the development of the COF appears to be very unstable for the reference compared to the 
other samples. The formation and disintegration of wear particle agglomerates might be responsible for this. The 
nature of those wear particles and the possible formation of an oxidic layer will be examined later in this work 
by SEM and Raman spectroscopy. In general, the steady state COF of the used material pairing for the reference 
correlates well with the literature43.
Regarding the textured sample, a continuous increase in the COF from 0.2 to 0.4 during the entire experiment 
can be noticed. It has already been shown, that the observed friction reduction is mainly attributed to a reduced 
real contact area2,3. This is reasonable, as the ball only gets in contact with the maximum position of the laser 
texture. The continuous increase of the COF during the experiment could be related to the steady increase in the 
real contact area due to a gradual removal of the surface texture. After 450 cycles, the COF fluctuates similarly 
to the reference, which might also be indicative of the destruction of the surface texture, therefore allowing the 
direct contact of the ball with wear particle agglomerates that are formed and broken up in a statistical manner. 
When regarding the COF of the ref + coated sample, a gradual decrease during 500 cycles from almost 0.4 to 0.2 
is noted. Additionally, it is worth mentioning that the COF of the ref + coated sample is higher than the reference 
for the first 10 cycles. This may be explained by large amounts of entangled CNTs being shifted to the sides and 
ends of the wear track. The shifting and stacking of entangled CNTs requires a higher transversal force thus result-
ing in an even higher COF than the reference. Subsequently, a continuous supply of small amounts of CNTs seems 
to set in, acting as solid lubricant and reducing the COF11,15,17,19,20. Also, CNTs might be transformed to a lubricat-
ing carbon film11,16. Finally, the COF of the textured + coated sample appears constant and stable throughout the 
experiment at 0.2. This means that it shows influences of both friction reducing methods: laser-texturing at the 
beginning of the measurement and lubricant coating at the end of the measurement. Thus, this indicates a com-
posite type behaviour of texture and solid lubrication. As for the other samples, a detailed wear track investigation 
and an investigation of the CNT lubrication activity might give a hint on the underlying friction mechanism, 
which will be discussed in detail later in the present study.
As the COF of the ref + coated- and the textured + coated samples is nearly identical after the first 150 cycles, 
it is reasonable to assume that this behaviour is mainly induced by CNTs present in the contact zones. This being 
stated, it is of interest to examine the long-term behaviour of these samples, as the textured + coated samples 
might provide CNTs to the contact area for a longer period of time.
The temporal evolution of the COF at 10000 cycles provides us with information about the lifespan behaviour 
(Fig. 3). As described for the 500 cycles measurement, the reference clearly shows steady state behaviour after the 
first 200 sliding cycles for the already discussed reasons, approaching a COF of roughly 0.65.
The textured sample reveals an evolution of the COF very similar to that of the reference, yet only reaching 
steady state conditions after 1000 cycles. As already mentioned for the 500 cycles measurement, this might be a 
consequence of the ongoing destruction of the laser-texture, finally leading to the same contact conditions as the 
reference.
Looking at the ref + coated sample, the COF drops within the first 750 cycles from 0.35 to 0.15, remaining at 
this value for the next 1500 cycles. Subsequently, the COF sharply increases to 0.4 within 100 cycles, followed by a 
gradual approach to the reference value during the next 3500 cycles. This sharp increase might be a consequence 
of the degradation or disappearance of CNTs in the contact area, as described in the wear and Raman sections 
Figure 2. Temporal evolution of the dynamic COF (of one forward and backward sliding motion) plotted 
as a function of the number of sliding cycles (500 cycles) for the polished steel reference (Ref), textured, 
coated reference (Ref + coated) and textured + coated sample.
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(3.3 and 3.4, respectively). It is noteworthy that the COF of the ref + coated sample shows a very high standard 
deviation after the first 2200 sliding cycles. This is due to individual measurements that have shown the observed 
sharp increase of the COF up to the reference value after different amounts of sliding cycles. All individual meas-
urements have shown this sharp increase between 2200 and 4000 sliding cycles.
Finally, it should be pointed out that the textured + coated sample features the same low COF (0.2) for the 
entire 10000 sliding cycles. However, between 200 and 2200 cycles, the COF is higher than that of the ref + coated 
sample, which could be explained by the ability of CNTs to roll only on top of a flat, polished surface as already 
reported by Dickrell et al.26. This ability might be reduced in the case of the textured + coated sample, as the 
textured surface shows a much higher roughness of 300 nm compared to 30 nm of the reference (which is within 
the same order of magnitude as the CNT mean diameter), therefore hindering a rolling movement of the CNTs 
to a certain degree. However, the ongoing lubrication effect of the textured + coated sample for 10000 cycles is 
significant. A possible explanation for this would be the entrapping of solid lubricant (CNTs) by the laser-texture.
Wear track. In general, a better understanding of the frictional behaviour of a tribological contact pair can 
be achieved by analysing the dominating wear mechanisms. In this context, it should be noted that different wear 
mechanisms usually act simultaneously during a tribological experiment. Therefore, only the dominating mecha-
nisms are named and discussed in the following section. The wear tracks of all samples after 500 sliding cycles are 
depicted in Fig. 4 to allow for further discussion.
For the reference wear track, the dominating wear mechanism is ploughing, as can be seen in Fig. 4a. This is 
evident as the hardness of the counter body (Al2O3 ball) greatly exceeds that of the steel substrate. Wear particles 
are observed within and around the wear track, which might add an abrasive component in this respect. Also, the 
formation of a steady-state oxide layer might occur and contribute to the stabilisation of the COF44.
Regarding the textured sample after 500 cycles in Fig. 4b, the continuous increase of the COF during the 
experiment can be related to the steady increase in the real contact area due to a gradual removal of the surface 
texture. As in the reference wear track, the main acting wear mechanism is ploughing. However, it can be seen 
that the surface texture is not yet completely removed after 500 cycles and less severe wear is observed, compared 
to the reference. In general, less wear particles are found that are spread over the wear track. This might be a 
consequence of the reduced direct contact of the ball with wear particles as the minimum positions can trap wear 
debris, thus reducing the abrasive component2,3. As the laser-texture is still partially intact, the real contact area 
is still reduced compared to the reference and the COF is lower. The friction reducing effect within the first 500 
cycles, induced by laser-textured steel surfaces has been published in previous studies2,3.
Regarding the corresponding wear track of the ref + coated sample (Fig. 4c), a clear shift of the CNT coating 
towards the end of the wear track can be observed. This supports the assumption that the high initial COF could 
be explained by shifting large amounts of entangled CNTs to the sides and ends of the wear track within the first 
sliding cycles. Subsequently, the wear track can be continuously supplied with small amounts of CNTs that are 
transferred from the ends of the wear track back to the contact area (grey area in the middle of the wear track), 
acting as solid lubricant and therefore reducing the COF again11,15,17,19,20. The CNTs, responsible for this lubrica-
tion effect, can be observed at both ends of the grey area and will be analysed in more detail within the chemical 
analysis. Despite that, no severe wear or wear particles can be noticed within the wear track compared to those of 
the reference and the textured sample.
Finally, the wear track of the textured + coated sample shows a very different appearance. After 500 cycles, the 
maximum positions are still present, even though they are a flattened, and the minimum positions are filled with 
CNTs as can be seen in Fig. 4d. This observation strongly supports the hypothesis of a solid lubricant entrapping 
caused by the laser-texture.
The wear tracks of the long-term measurements (10000 cycles) must be considered to understand the 
observed sharp increase of the COF after 2200 cycles in the case of the ref + coated sample, as opposed to the 
stability observed in the textured + coated sample. Therefore, SEM micrographs of the wear tracks after 10000 
sliding cycles are depicted in Fig. 5.
Figure 3. Temporal evolution of the COF plotted as a function of the number of sliding cycles 
(10000 cycles) for the polished steel reference (Ref), the textured, coated reference (Ref + coated) and 
textured + coated sample.
www.nature.com/scientificreports/
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For the reference, the behaviour of the COF as well as the dominating wear mechanism are already well 
explained by the previously described 500 cycle measurements. The only difference is the occurrence of much 
more severe wear as can be seen in Fig. 5a.
Regarding the wear track of the textured sample (Fig. 5b), it can be stated that the laser-texture has been com-
pletely removed within the contact area by ploughing, throughout exhibiting severe wear. Hence, a reduction of 
the real contact area can no longer be achieved and the COF behaves very similarly to the reference after the first 
1000 cycles.
Comparing the wear track of the ref + coated sample after 10000 cycles in Fig. 5c, to that after 500 cycles in 
Fig. 4c, the additional appearance of severe wear is clearly noticeable. A reasonable explanation for this observa-
tion is the disappearance of the lubricating CNTs within the contact zone. The continuous removal of CNTs by the 
ball out of the contact zone as well as their absence at the ends of the severe wear area might be the reason for that. 
Hence, a direct contact of ball and substrate material is very likely to happen after the first 2200 sliding cycles, 
when a sharp increase of the COF can be observed. The slow increase of the COF for the next 3500 cycles (until it 
reaches the reference value) can be explained with an increasing real contact area between ball and steel substrate 
as well as individual measurements that show the described sharp increase of the COF at a later or earlier stage 
of the measurement.
When analysing the wear track of the textured + coated sample (Fig. 5d), different regions can be distin-
guished. In the middle of the wear track width, severe wear is observed with ploughing being the dominant wear 
mechanism. This region is very similar to the reference wear track after 10000 cycles. However, regarding the 
flanks of the wear track, an almost unworn laser-texture can still be noticed, storing CNTs in the minimum posi-
tions. It is therefore reasonable, that even after 10000 sliding cycles, the wear track is still supplied with CNTs that 
lubricate the system and keep the COF at a low value of 0.2. In comparison to the ref + coated sample, the CNTs 
are stored within the contact zone and don’t have to be applied from the surrounding area. Thus, the contacting 
Figure 4. SEM micrographs of the wear tracks after 500 sliding cycles on (a) the reference, (b) the textured 
sample, (c) the ref + coated sample and (d) the textured + coated sample.
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surfaces are provided with CNTs for a considerably prolonged period of time. A differentiated discussion about 
oxide formation and structural state of the CNTs within the wear tracks is done in the following part of this study.
Structural and chemical analysis. A deeper discussion of the COF evolution and the solid lubrica-
tion activity of the CNTs requires a detailed analysis of the tribochemistry as well as the structural integrity of 
the CNTs. In this study, the analysis is focused on the interpretation of the most relevant structural indicators 
obtained by Raman spectroscopy, namely: defect index (ID/IG), purity index (IG′/ID), and the G-band centre posi-
tion (XCG).
Figure 6 shows the electron micrographs and respective Raman spectra of the wear tracks after 500 and 10000 
cycles for the reference and the laser-textured samples. In all the cases, regions of interest were defined based on 
their relevance to the study.
For the reference wear track after 500 cycles (Fig. 6a), the appearance of iron and chromium oxides (II) indi-
cates that a tribologically-induced oxidation took place, due to the direct contact of the ball with the steel sub-
strate under high local pressure2,45. The peak at 225 cm−1 corresponds to the α -Fe2O3 band, whereas the peak at 
270 cm−1 is composed by a convolution of α -Fe2O3 and Cr2O3 peaks. The peaks at 380 cm−1 and 480 cm−1 are 
related to the occurrence of (Fe, Cr)O3 and γ - Fe2O3, respectively45–47. Finally, the peak with its maximum inten-
sity at 660 cm−1 and a large full width at half maximum (Γ ) is a convolution of FeO, Fe3O4 and Fe2O3 vibrational 
modes45. This observation consists of two different phenomena, the formation of a layer of oxidic nature and 
the development of oxidic wear particles during the experiment, which add an abrasive component. The latter 
is strongly related to the former, since the high local contact pressure applied breaks the oxide layer, generating 
wear particles that are included in the contact. These particles are subsequently embedded within the wear track 
(composed of the softer base metal) during the sliding motion, inducing a composite-type effect and contributing 
to the stabilisation of the COF.
Figure 5. SEM micrographs of the wear tracks after 10000 sliding cycles on (a) the reference, (b) the laser 
textured sample, (c) the EPD coated sample and (d) the laser textured/EPD coated sample.
www.nature.com/scientificreports/
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In the case of the reference wear track after 10000 cycles (Fig. 6b), iron oxide is predominantly observed. This 
is reasonable as the COF of the reference is already in a steady-state condition after the first 200 cycles. Therefore, 
a change in the tribochemistry is rather unexpected. However, in comparison to the wear track after 500 cycles, 
the observed compositional changes in the oxide formation are probably due to a lack of chromium oxide detec-
tion based on its low volume fraction (compared to iron).
In the case of the textured sample after 500 sliding cycles (Fig. 6c), metal oxides are also found in the maxi-
mum (II) and minimum (I) positions outside of the severe wear track. This is explained by the thermally induced 
melting process during laser texturing and the consequent formation of an oxide layer34. Within the area of severe 
wear (III), the oxide peaks are considerably more pronounced, accordingly indicating a similar tribo-oxidation 
effect as observed on the reference material. Finally, for the wear track of the textured sample after 10000 cycles 
(Fig. 6d), no significant change in the oxidation behaviour can be observed compared to the short-term meas-
urement. This leads to the conclusion, that the change in the COF (at almost 1000 cycles) in the specific case of 
the textured sample is exclusively generated by the increment in the real contact area due to wear occurring at 
the maximum positions. Interestingly, certain areas (I) can be found with pronounced oxide formation, whereas 
other regions (II) show less oxide formation. This might be a consequence of the on going ploughing mechanism 
which reorders oxides and bare metal in a stochastic manner.
For the analysis of the CNT lubrication activity, electron micrographs and respective Raman spectra of the 
coated sample wear tracks after 500 and 10000 cycles are depicted in Fig. 7. In addition to the Raman analysis of 
the centre and the outside of the wear track, it is also important to analyse the shifted CNTs that pile-up at the end 
of the wear track since it may also play a role during the tribological experiment.
The EPD coated sample shows no formation of oxides after 500 cycles (Fig. 7a). This supports prior obser-
vations on similar systems, where the CNT coatings have been proposed as oxidation protective coatings for 
low-cycle friction conditions28. In this context, CNTs are able to efficiently separate the steel surface from the 
ball, acting as a roller bearing and thus reducing friction and wear11,48. However, in Fig. 7b, intense oxide peaks 
can be found within the centre (I) and the end of the wear track (II) after 10000 cycles. Their appearance can be 
straightforwardly correlated to the coating failing after around 2200 sliding cycles, where a sharp increase in the 
COF is noticeable. Specifically, as no surface separation is possible anymore, the oxidation protection induced by 
the interstitial CNTs ceases. This leads to the formation of an oxide scale that, due to the large contact pressure 
develops into oxidic wear particles that act as an abrasive third body component participating in the transition 
from mild to severe wear.
Raman spectra of the wear track of the textured + coated sample (Fig. 7c) show a weak oxide peak on the tex-
ture maximum positions (II) after 500 cycles. As already mentioned, this is an unavoidable feature of the laser tex-
turing. On the other hand, as observed in the ref + coated sample, the structure within the wear track (I and III) 
does not show remarkable oxide peaks, likely due to the oxidation damping provided by the CNTs. When 
Figure 6. Raman spectra of the wear tracks at different spots of (a) the reference after 500 cycles and (b) 10000 
cycles, and (c) the textured sample after 500 cycles and (d) 10000 cycles.
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9Scientific RepoRts | 7:42873 | DOI: 10.1038/srep42873
analysing the wear track after 10000 cycles (Fig. 7d), it can be observed that, the intensity of the oxide peaks 
correlates to the extent of the effective contact area between counterpart and sample, being the minimum the 
position with the lowest amount (I), follow by the surface maximum (II), the end of the severe wear track (III) 
and finally within the severe wear track (IV); where the effective contact area between counterpart and sample is 
the highest. Interestingly, the strongest oxide peaks are detected at the very end of the wear track (V). This might 
be due to the fact that the generated oxidic wear particles of the severe wear track are shifted to the very end and 
there stored in the minima.
In the case of the ref + coated and the textured + coated samples, aside from the discussion of their oxidation 
behaviour, the focus of the analysis is also placed on the structural state of the CNTs. Table 1 shows the most rel-
evant structural indicators to allow for a direct comparison.
The shifted CNTs (a III) have been transported out of the contact zone in the beginning of the measurement, 
showing almost identical defect and purity indexes as the reference state. Thus, they can be excluded from any 
tribological activity. Since these CNTs are out of the contact zone they do not exhibit any damage and retain their 
original structural integrity even after 10000 cycles (b III). CNTs found at the centre (a II) and end of the wear 
track (a I) show an increase in the ID/IG ratio and a decrease in the purity index, indicative of CNT degradation. 
Comparing both regions, degradation seems to be significantly more pronounced in the centre (a I). This is due 
to the fact that this zone is situated where the maximum relative velocity is reached between the sample and the 
counterpart and the most severe mechanical and thermal stresses are expected. Specifically, the centre (a II) is 
located within the direct tribological contact zone, whereas the end (a I) would act as supplementary CNT stor-
age. Although the shifted CNTs (a III) and the CNTs at the end of the wear track (a I) maintain the position of 
their G band, those present at the centre (a II) show an up-shifting to roughly 1600 1/cm.
This up-shifting has been thoroughly discussed in the literature by Ferrari and co-workers49 and corresponds 
to a transient state of the CNTs (clustering of the affected graphitic structure) towards nano-crystalline graphite. 
This is enclosed in a three-stage phenomenological model proposed by them, which analyses the transition from 
a graphitic-like to an amorphous-like structure (predominantly sp3-hybridisation) as function of the G-band 
centre position (XCG).
When observing the descriptive indexes for the ref + coated sample after 10000 cycles, an up-shift in the G 
band towards 1600 1 /cm is observed for CNTs within the centre (b I) and the end of the wear track (b II). The 
transient state is reached at the end of the wear track (b II) as well, inferring an accumulated CNT degradation 
towards a disordered state.
Regarding the textured + coated sample after 500 cycles, all measured regions show a degradation of the CNTs 
compared to the reference state CNTs. Particularly, those regions within the wear track (c I and II) have a defect 
index higher than at the end of the wear track (c III). However, the degradation in the interior regions is not 
as pronounced as in the centre (a II) of the ref + coated sample. This might be a consequence of the ongoing 
Figure 7. Raman spectra of the wear tracks at different spots of (a) the ref + coated sample after 500 cycles and 
(b) 10000 cycles and (c) the textured + coated sample after 500 cycles and (d) 10000 cycles.
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10Scientific RepoRts | 7:42873 | DOI: 10.1038/srep42873
transfer of CNTs between maxima and minima during the experiment, thus exchanging the tribo-active CNTs 
more frequently. It should be kept in mind that the measured Raman spectra present a mean value of all the 
CNTs measured (for example degraded CNTs might be stacked upon intact CNTs in the minima). Interestingly, 
the G band position of the CNTs stored within the minima (c I) lies within the first stage of the amorphisation 
trajectory described in the Ferrari model. Then, it is reasonable to assume that those CNTs would sequentially be 
driven towards the contact zone as the experiment carries on. Thus, it becomes evident that the transition towards 
amorphous nanocarbons seems to be detrimental for the solid lubrication effect. However, the exchange between 
minima and maxima might lead to a general prolonged lifetime of the involved CNTs, as always just a small part 
of the involved CNTs is in a direct tribological contact. After the long term tests (d I–d V), all the analysed regions 
show similar Raman indices, each lying at the end of the first stage of amorphisation.
Mechanism of entrapping solid lubricant. As both the wear track and Raman analyses correlate per-
fectly with the idea of a solid lubricant entrapping by the laser texture, the following part is focused mainly on this 
trapping mechanism and provides a schematic model to understand the frictional behaviour of the system. In 
Fig. 8, a high magnification SEM micrograph of a FIB cross-section within the wear track of the textured + coated 
sample after 500 sliding cycles (a) is depicted and correlated to a schematic draft of the mechanisms acting during 
the sliding motion (b).
In b1, the intact, coated laser texture is depicted. As soon as the ball gets into contact with the coating, CNTs 
are partially transferred to the alumina ball by adhesion (b2). This leads to the shifting of the CNTs towards the 
minima. At the same time, pressure is applied to the maxima of the laser-texture throughout the coating, result-
ing in a plastic deformation and a shearing-off of metallic material (b3). Due to adhesion effects, some CNTs are 
dragged towards the contact area (b4), preventing the direct contact of the alumina-ball with the steel substrate 
and therefore reducing the COF. Furthermore, the laser-texture prevents the full transfer of CNTs by storing 
most of the particles within the minima (b4-b5). In addition to the CNT storage capabilities of the minima, also 
metallic or oxidic wear particles could be partially stored (b5), therefore reducing abrasive wear. Finally, a slight 
lift of the stored CNTs mainly on one side of the maxima can be noticed (a). This is due to the mentioned adhe-
sion between the alumina ball and the stored CNT particles during the sliding motion (b6), and elastic recovery 
of the compressed CNT volume after the stroke (b7). In the FIB cross-section (a), the last sliding cycle direction 
of the experiment was from left to right. Due to this observation and the ongoing lubrication, it can be expected 
that the protruding CNTs in the minima (b7) will be redragged into the direct contact zone of the maxima as 
soon as the sliding direction is inverted. These mechanisms can be well correlated to the lower COF compared to 
the ref + coated sample within the first 150 sliding cycles, as no additional transversal force for the CNT shifting 
is generated. The CNTs of the textured + coated sample (that were stacked and transferred out of the wear track 
in the ref + coated sample) are now stored in the minima, thus acting as a lubricant reservoir. In addition to a 
reduction of the real contact area by laser-texturing, the maxima are lubricated by the CNTs derived from the 
minima. Apart from milder wear than the textured sample, a reduced oxide formation was also noticed by Raman 
spectroscopy.
Summarizing, the combination of both methods, laser texturing and EPD coating, is found to overcome indi-
vidual limitations by complementing one another. While the laser-texture provides the system with a certain load 
carrying capacity and lubrication storage, the CNT coating prevents its degradation, oxidation and acts as a long 
lasting solid lubricant.
Sample Cycles Position ID/IG IG′/ID XCG (1/cm) Description
Initial CNT 0.595 1.294 1583.2 Reference state
Ref + coated
500
a I 0.918 0.735 1585.8 End of wear track
a II 1.278 0.156 1602.8 Centre of wear track
a III 0.563 1.273 1585.4 Shifted CNTs
10000
b I 1.167 0.226 1598.4 Centre of wear track
b II 1.266 0.222 1599.0 End of wear track
b III 0.564 1.272 1587.4 Shifted CNTs
Textured + coated
500
c I 1.195 0.274 1591.7 Min–inside
c II 1.121 0.292 1597.8 Max–inside
c III 0.876 0.751 1586.7 End of wear track
10000
d I 1.227 0.203 1598.9 Min–inside
d II 1.129 0.255 1598.3 Max–inside
d III 1.175 0.402 1592.1 End of severe wear
d IV 1.202 0.311 1597.0 Centre of wear track
d V 1.235 0.210 1598.3 Min–End of wear track
Table 1.  Descriptive parameters obtained by Raman spectroscopy of the coated samples, measured at 
different positions in the wear track. (Min–inside) stands for minimum within wear track, (Max–inside) 
stands for maximum within wear track, and (Min–End of wear track) stands for minimum at the end of the 
wear track.
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Conclusions
In the present work, CNT coating and laser texturing of steel surfaces are combined in order to act synergetically 
in terms of reducing friction and wear. The laser textures are perfectly copied by the CNT coating using EPD as 
coating technique. A tribological comparison to laser-textured/uncoated surfaces, untextured/CNT-coated sur-
faces and untextured/uncoated references is conducted. The following statements refer to a comparison with an 
untextured/uncoated reference:
1. ≤1000 sliding cycles: Frictional reduction in the case of a textured/uncoated sample, which is accompa-
nied by a gradual degradation of the surface texture.
2. ≤2200 sliding cycles: Frictional reduction by a factor of four in the case of untextured/coated sample 
until the CNTs are dragged out of the contact zone and the COF increases.
3. ≥10000 sliding cycles: Stable frictional reduction by a factor of three in case of textured/coated sample.
The slightly less pronounced frictional reduction of point 3 compared to point 2 can be explained with a 
higher roughness of the textured/coated sample (rms of 300 nm compared to 30 nm), thus hindering the CNT 
rolling movement and reducing the dimension of the lubricating effect. Furthermore, a direct correlation of the 
CNT degradation in a tribological contact with an already known three-stage phenomenological model (transi-
tion from graphitic-like to amorphous-like structures) is established using Raman spectroscopy. It is found, that 
the combination of laser texturing and CNT-coating slows down the degradation process of the CNTs within a 
tribological contact and also the formation of oxidic wear particles. Finally, the significant extension of the lubri-
cant longevity in point 3 is related to a synergistic effect of CNTs and laser textures and can be exemplified by a 
lubricant entrapping model, which is proposed and demonstrated.
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Abstract
In the present study, a systematic evaluation of the influence of the surface roughness on the lubrication activity of multi-
wall carbon nanotubes (MWCNT) and onion-like carbon (OLC) is performed. MWCNT and OLC are chosen as they both 
present an sp2-hybridization of carbon atoms, show a similar layered atomic structure, and exhibit the potential to roll on 
top of a surface. However, their morphology (size and aspect ratio) clearly diﬀers, allowing for a methodical study of these 
diﬀerences on the lubrication eﬀect on systematically varied surface roughness. Stainless steel platelets with diﬀerent surface 
finishing were produced and coated by electrophoretic deposition with OLC or MWCNT. The frictional behavior is recorded 
using a ball-on-disk tribometer, and the resulting wear tracks are analyzed by scanning electron microscopy in order to reveal 
the acting tribological mechanisms. It is found that the lubrication mechanism of both types of particles is traced back to 
a mixture between a rolling motion on the surfaces and particle degradation, including the formation of nanocrystalline 
graphitic layers. This investigation further highlights that choosing the suitable surface finish for a tribological application 
is crucial for achieving beneficial tribological eﬀects of carbon nanoparticle lubricated surfaces.
Keywords Solid lubrication · Carbon nanotubes · Onion-like carbon · Lubrication mechanisms · Surface roughness
1 Introduction
The tribological optimization of various technical systems is 
dictated by the demand for lower energy consumption and, 
in most cases, is directly linked to an eﬃcient lubrication [1]. 
Certainly, the most established way to reduce friction and 
wear lies in the use of a suitable fluid lubrication medium. 
However, certain mechanical systems set the need to replace 
fluid with solid lubricants, as when the system runs under 
unfavorable environmental conditions such as high tempera-
tures or vacuum [2, 3].
In this regard, along with classical solid lubricants (e.g., 
graphite or  MoS2), carbon nanomaterials have shown to 
be very promising candidates for these applications [4–7]. 
This fact is traced back to their intrinsic physical properties, 
morphology, and low density compared to other materials 
[8–10]. The focus of this work is on multi-wall carbon nano-
tubes (MWCNT) [11] and onion-like carbons (OLC) [12]. 
MWCNT can be described as multi-shell graphitic cylinders 
with large aspect ratio [11]. OLC show a similar multi-shell 
graphitic carbon structure. However, as OLC are fullerene-
like nanoparticles with a polyhedral form and a typical diam-
eter of only 4–10 nm, they are often ascribed to be “zero 
dimensional” [12, 13].
In case of MWCNTs, several works confirm their ability 
to reduce friction and wear when used as protective films 
[5, 6, 14, 15], solid lubricant [16–18], reinforcement phase 
in composites [19–21], or lubricant additive [22–24]. Some 
studies are based on the assumption that CNTs form a car-
bonaceous layer on the surface, which presents similar tribo-
mechanisms to those of graphite [15, 21]. Others explain 
these beneficial eﬀects with their ability to eﬃciently sepa-
rate the sliding surfaces while acting as roller bearings [7, 
16, 25]. In this regard and depending on the applied contact 
pressure, a so-called tank-belt eﬀect has already been simu-
lated and reported in literature, describing the deformation 
of rolling CNT between two contacting surfaces under shear 
[26, 27]. The deformation of the CNT and rolling movement 
could lead to delamination and the formation of flake-like 
graphitic structures. Further on, the possibility to reduce sur-
face oxidation and thus hindering the formation of abrasive 
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third bodies in the tribological contact might also influence 
the observed tribological behavior [7, 14].
Considering the polyhedral form, low amount of dan-
gling bonds on their surface, and also their potentially high 
mechanical strength, it is reasonable to assume that OLC 
might act as ball bearings in a tribological contact as well 
[8]. In the case of an nominally perfectly flat surface (silicon 
wafer), OLC coating showed a friction coeﬃcient lower than 
0.05 and also a wear reduction by 3–6 orders of magnitude 
compared to a graphite lubrication [28]. In this respect, with 
the curvature of OLCs being higher compared to MWCNTs, 
it is supposed that they show less intermolecular interactions 
to the surface and thus are able to freely move [29, 30]. 
This lubrication eﬀect can also be maintained under vacuum 
conditions [28]. Despite these very promising statements 
of OLC as solid lubricant, there is a significant drawback. 
OLC lubrication decreases significantly when the normal 
contact pressure exceeds a certain threshold value [31]. It 
is also assumed that, depending on the OLC particle size, 
they might be trapped within the asperities of a given sur-
face roughness and therefore no longer provide a lubricating 
eﬀect [28]. However, this being a very important point, there 
is no systematic study comparing the eﬀect of the surface 
roughness on the lubrication activity of CNP for the same 
tribological system yet.
Considering the surface roughness, it often defines the 
characteristic of a tribological system [32–35]. However, 
it is often linked to the final application, as this determines 
how much eﬀort can be put in the design or processing of a 
surface. For example, surface roughness is rather low and 
well defined in microelecromechanical systems (MEMS) 
[36], whereas it is usually high in the case of large technical 
surfaces of machine elements [35]. With the initial work of 
Bowden and Tabor, the interaction between asperities of a 
rough surface with regard to the influence on the frictional 
behavior became a much discussed topic [37]. This interac-
tion could be correlated with adhesion/welding and subse-
quent releasing (in case that a critical shear stress is applied) 
and depends upon several factors such as the electronic 
structure of the materials, free surface energies, interlayers, 
and ambient conditions [33, 38]. The friction behaviors of 
rough surfaces are further influenced by plastic deformation 
and consequently, on deformation energies, contact angles 
between asperities or the mechanical properties of the con-
tacting materials [38]. Concerning these interactions, it was 
shown that very small shear stresses are possible between 
atomically flat surfaces with non-matching surface corruga-
tions, allowing for vanishing friction [39, 40]. Several diﬀer-
ent models tried to explain the interaction of two contacting 
surfaces under dry conditions and diﬀerent scales, starting 
at molecular level, like for example the Tomlinson or the 
Frenkel–Kontorova model [41, 42]. Based on the eﬀects of 
macroscopic surface roughness on friction, numerous works 
successfully manipulated the stochastic surface roughness 
so as to create specifically designed surface geometries in 
order to control the coeﬃcient of friction [14, 43–47]. Gen-
erally, adjusting a specific roughness for a given tribological 
application can be crucial, as it majorly determines contact 
mechanics and thus whether a contact situation is elastic 
or elasto-plastic and whether a real contact area is large or 
small [33]. Accordingly, diﬀerent contact simulation mod-
els rely on surface descriptive parameters, for example, the 
Greenwood–Williamson, Jackson–Green or the Persson 
model [48–50].
However, when it comes to the use of nanoparticles as 
lubricants, surface roughness also plays an important role 
[27, 51, 52]. There are many studies about diﬀerent kinds 
of nanoparticles (for example, MWCNT,  MoS2, nanodia-
monds, OLC, alumina) used as lubricant additives [22, 30, 
53–58]. Most of them refer to the shape, nanostructure, sur-
face functionalization, concentration, or the size of the parti-
cles being the most important characteristics for an eﬃcient 
lubrication. Considering nanoparticles as solid lubricant and 
not as lubricant additive, their shape and size compared to 
the surface roughness become even more important, as par-
ticles can be trapped, entirely be removed from the direct 
tribological contact or hindered in their rolling movement 
by surface asperities [14, 28]. Nonetheless, simulations or 
experiments regarding the solid lubrication activity of inor-
ganic or organic nanoparticles so far concentrate on very 
low roughness surfaces like for example Si-wafer [31, 59].
Thus, the present study is motivated by the need to clas-
sify the lubrication eﬀect of carbon nanoparticles (CNP) as 
solid lubricant for diﬀerent surface roughness values. This 
could be beneficial as a stepping-stone for further research, 
as the size and morphology of CNPs could be selected in 
order to fit the tribological requirements.
For this purpose, a suitable technique must be found in 
order to coat surfaces with a pre-defined surface roughness 
in a reproducible and controllable way. There are diﬀer-
ent techniques available for carbon nanoparticle coating 
of metallic surfaces, including spray [60] and dip coating 
[61], CVD [62], drop casting [7]. One of the most suitable 
and straightforward techniques is electrophoretic deposition 
(EPD) [63]. In contrast to drop casting or spray coating, 
EPD provides the advantage of being easily scalable, very 
homogeneous, and reproducible [14, 63, 64]. Therefore, it 
is used in the present study.
Concerning the CNP coatings, MWCNT and OLC are 
chosen since they present similar atomic arrangement as 
well as possible lubrication mechanism (rolling mecha-
nism). Their diﬀerent morphology and particle size allow 
for a systematic investigation of the lubrication activity 
as a function of the initial surface roughness of a defined 
tribological system. Thus, stainless steel surfaces with 
diﬀerent pre-defined surface roughness are coated with 
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OLC or MWCNT, respectively. Stainless steel is used as 
substrate material because of its technological relevance.
2  Experimental Section
2.1  Materials
Austenitic stainless steel (AISI 316L) platelets 
(20 × 20 × 1 mm3) are used as substrate material for the 
tribological experiments. For the coatings, MWCNTs were 
purchased at graphene supermarket (diameter 20–85 nm, 
length 5–15 µm), and OLC were synthesized from detona-
tion nanodiamond powder (purchased from NaBond Tech-
nologies Co., purity > 98%, individual particle diameter 
4–8 nm). This is done by annealing at 1750 °C for 3 h 
in graphite crucibles in a vacuum furnace with tungsten 
heaters (model: 1100-3580-W1, Thermal Technology 
Inc.) applying a heating and cooling rate of 15 °C min−1. 
The chamber pressure is between 10 and 100 mPa. The 
synthesized OLC show an individual particle diameter of 
4–10 nm and almost full  sp2 carbon hybridization as can 
be seen in prior studies [13, 65].
2.2  Surface Preparation and Characterization
The stainless steel platelets are ground flat using a fully 
automated grinding and polishing device (TegraPol by 
Struers). The surfaces were then polished up to diﬀer-
ent end finishes. Two samples are polished using 2500 
grit sandpaper from Leco corp. (MI, USA), which corre-
sponds to a (8.5 ± 0.5) µm particle size. Furthermore, two 
samples of each kind are polished using 6-, 3-, and 1-µm 
diamond-polishing suspensions, respectively. Finally, also 
two samples are polished using a 0.5-µm oxide polishing 
suspension (OPS) to achieve the lowest surface roughness. 
In the following, the samples are designated as 8.5, 6, 3, 1, 
and 0.5 µm, respectively. Subsequently, these surfaces are 
characterized in terms of their resulting surface roughness 
(root-mean-squared roughness, Rrms) using a white light 
interferometer (WLI, Zygo NewView 7300) equipped with 
a 3D imaging surface structure analyzer. The micrographs 
were recorded using a 50× objective and providing a sur-
face height resolution of < 0.1 nm. Each sample is meas-
ured 10 times at diﬀerent spots from which the mean value 
and standard deviation is determined. Additionally, SEM 
micrographs of each surface were acquired using a FIB/
FE-SEM dual beam station (FEI Helios NanoLab) using 
an acceleration voltage of 5 kV and a current of 1.4 nA.
2.3  EPD Process
For the deposition process, the as-prepared platelets were 
thoroughly cleaned in order to remove possible contami-
nants. This was carried out by 10 min of ultrasonication 
(Sonorex Super RK 514 BH by Bandelin, 860 W, 35 kHz), 
respectively, in cyclohexane, followed by acetone and finally 
isopropanol. Afterward, the platelets are used as electrodes. 
A dispersion with a concentration of 0.25 mg ml−1 CNT 
or OLC was prepared using acetone as solvent. In order to 
disperse the particles, a shear mixer (Ultra-turrax T-25 by 
IKA) was used for 5 min followed by ultrasonic treatment 
of the dispersion for another 20 min [65]. Subsequently, 
triethylamine (TEA) was added in order to add negatively 
charged  COO− surface groups [66]. Finally, the negatively 
charged CNPs are deposited in a deposition cell at a voltage 
of 20 V for 10 min, maintaining an electrode separation of 
1.3 cm (anodic deposition). In order to measure the coating 
thickness, FIB cross sections were prepared with focused ion 
beam machining using 30 kV of bias.
2.4  Tribological Experiments
For the tribological experiments, a ball-on-disk tribometer 
(Nanotribometer from CSM Instruments) was used in a 
linear reciprocating sliding mode with a stroke length of 
600 µm. The normal load of 50 mN was applied using an 
alumina ball (purchased from Anton Paar GmbH) with a 
diameter of 6 mm, mounted on a cantilever with a stiﬀness 
of 0.7624 µN µm−1 in normal and 1.1447 µN µm−1 in tan-
gential direction. Alumina is chosen to avoid any plastic 
deformation of the counter-body. The surface roughness of 
the ball is not modified and used as delivered for all experi-
ments. It is measured by WLI for 10 diﬀerent ball surfaces, 
and a mean value of Rrms = 20 ± 6 nm is determined. This 
is the best surface finish of commercially available alumina 
balls with a diameter of 6 mm we could purchase. The num-
ber of sliding cycles was set to 500 with a maximum sliding 
speed of 1 mm/s. The low load and low amount of sliding 
cycles are chosen in order to prevent severe wear and thus 
not to change the surface roughness of the substrate material 
significantly during the experiment. Also, by applying low 
contact pressures, the particles are not hindered to freely 
move on the surfaces [31]. Temperature and relative humid-
ity were kept constant at 20 ± 2 °C and 4 ± 1%, respectively. 
A very low relative humidity is chosen in order to reduce 
lubrication eﬀects based on a simple graphitic lubrication, 
which would need a higher relative humidity to be eﬀective 
[67–69]. Three measurements were performed for each type 
of sample, and the mean value of the coeﬃcient of friction 
(COF) including standard deviation is plotted against the 
number of sliding cycles for each type of sample.
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3  Results and Discussion
After grinding and polishing the surfaces of the stainless 
steel platelets, they are analyzed using WLI as well as 
SEM. In Fig. 1, the diﬀerent obtained surfaces are shown, 
and the corresponding Rrms values including the standard 
deviations are given.
As expected, a clear decrease in the mean Rrms value 
is observed, from 42 nm in case of the preparation with 
sandpaper (8.5 µm) down to 3.9 nm for the oxide polishing 
suspension (0.5 µm). The SEM micrographs show large 
scratch marks and even plastically deformed material in 
case of the sandpaper preparation (Fig. 1a). For the higher-
grade surface finishing, these scratches are gradually 
removed until the marks reach the detection limit of the 
used techniques (in case of the 0.5-µm polishing suspen-
sion) (Fig. 1f). During this surface preparation process, the 
samples were moved circularly over the rotating sandpaper 
or polishing cloth, keeping a constant pressure. This is 
done to avoid the formation of anisotropic scratch marks 
resulting in the formation of randomly oriented scratch 
marks on the steel surfaces.
Comparing these surfaces with the surface of the alu-
mina ball (Rrms = 20 ± 6 nm), the slightly larger standard 
deviation compared to the steel surfaces can be explained 
by 1–2-µm-sized, randomly appearing nicks in the alumina 
surface. However, the surface of each ball was studied by 
WLI before using it in the tribological experiment. Sur-
faces with marked nicks were consequently avoided.
The surfaces of the steel substrates are coated with CNT 
or OLC. The obtained coatings cover the surfaces homo-
geneously, as shown in Fig. 2a, b. However, there are clear 
differences between the two coatings. OLC form small 
agglomerates of a few 100 nm in diameter, which are stacked 
onto the metal surface. In case of CNT, a dense coating of 
intertwinned CNT is observed, forming large agglomerates 
on the surface.
In Fig. 2c, a FIB cross section of the OLC coating on 
a 3-µm polished steel surface is depicted. As exemplarily 
shown here, the thicknesses of the deposited coatings were 
measured. The achieved thicknesses are 3 ± 1 µm for the 
OLC coatings and 3 ± 2 µm for the CNT coatings. The CNT 
coatings show higher fluctuation in the coating thickness 
due to a higher tendency to form agglomerates, which has 
already been reported in previous studies [14, 65]. Fur-
thermore, it is noticeable that the coating mainly consists 
of stacked small particle agglomerates, including a large 
quantity of pores in between the individual agglomerates 
(Fig. 2c). However, this is not considered as a debilitating 
factor for the tribological eﬀects, as the coating will be com-
pressed by the counterpart contacting the surface. Both types 
of coatings are not chemically bonded to the steel surface 
and show very low adhesion, being physisorption the only 
interdependency between coating and steel surface. This is 
done deliberately in order to allow a systematic study of the 
Fig. 1  a Rrms values of the 
prepared surfaces including the 
standard deviation before coat-
ing with CNT or OLC, respec-
tively. The SEM micrographs 
correspond to b 8.5 µm, c 6 µm, 
d 3 µm, e 1 µm, and f 0.5 µm 
surface finishing
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lubrication mechanism of the particles without any chemical 
influence of the substrate by allowing the particles to move 
freely over the steel surface.
The diﬀerent samples were then compared in terms of the 
temporal evolution of the COF for a maximum of 500 sliding 
cycles, which is shown in Fig. 3.
The reference COF corresponds to an uncoated steel 
surface with a finishing of 1 µm (Rrms = 4.2 ± 1.1 nm). 
It is observed, that the COF increases during the first 
250 cycles from 0.25 to 0.7, finally reaching steady-state 
conditions. This behavior is well known for pure metal 
surfaces and is extensively discussed in other works, for 
example in Blau et al. [70]. It can be explained with an 
increasing real contact area as a consequence of the com-
bination of two eﬀects: the wearing oﬀ of intrinsic asperi-
ties and an increment of the indentation depth of the ball 
into the substrate. The rather unstable evolution of the 
COF is related to the formation and disintegration of wear 
particles, which was also already examined in previous 
studies [14]. The obtained steady-state reference COF of 
0.7 is in agreement with the value reported in the literature 
[71].
Fig. 2  SEM micrographs of a the CNT coating and b the OLC coating on the steel surface with a 3-µm finishing are shown. Also, the thickness 
of the OLC coating is demonstrated by a FIB cross section in c 
Fig. 3  Temporal evolution of 
the dynamic COF as a function 
of the number of sliding cycles 
for a CNT-coated surfaces and 
b OLC coated surfaces. The dif-
ferent colors correspond to dif-
ferent initial surfaces roughness 
as indicated below the graphs
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Regarding the CNT-coated surfaces (Fig. 3a), a clear 
reduction in the COF can be observed. Furthermore, the 
impact of diﬀerent surface roughness appears to be neg-
ligible as a COF of approximately 0.2 is sustained for 
all CNT-coated surfaces after 500 sliding cycles. This is 
explained by the size and morphology of the CNTs. As the 
used CNTs present an outer diameter of 20–85 nm and a 
length of 5–15 µm, they can eﬀectively separate the two 
sliding surfaces with Rrms values between 3.9 and 42 nm. 
Although some of the surface scratches of the samples with 
higher roughness are larger than 85 nm in width, CNT could 
still be dragged out of these areas due to their high aspect 
ratio and their curved morphology with high flexibility. This 
allows CNTs to roll and/or to be degraded to nanocrystal-
line graphitic flakes and thus to lubricate the contact, as it 
was observed by Raman spectroscopy investigations in a 
previous study [14]. The slight variations in the frictional 
behavior of the diﬀerent surfaces show no clear trend and 
provide a relatively large standard deviation. This is related 
to a varying thickness (3 ± 2 µm) of the CNT coating in 
the diﬀerent measuring areas. Considering the applied nor-
mal force (50 mN) and the coating thickness range (from a 
maximum of 5 µm to a minimum of 1 µm), partially entan-
gled CNT have to be pulled by the alumina ball during the 
initial sliding cycles, resulting in a varying tangential force 
until almost all the CNTs are shifted toward the end of the 
wear track. This will be further discussed in the wear track 
analysis.
Concerning the frictional behavior of the surfaces coated 
with OLC in Fig. 3b, a clear diﬀerence of the COF as a func-
tion of the pre-defined surface finishing is noticeable. For 
the COF evolution of the 8.5-µm (Rrms = 42 ± 7.5 nm) and 
6-µm (Rrms = 11.5 ± 2.5 nm) samples, only a marginal fric-
tional reduction can be observed after the first 100 sliding 
cycles until the end of the measurement. As the roughness 
of these surfaces are evidently larger than the diameter of the 
OLC particles (4–10 nm), it seems reasonable to state that 
the OLCs are trapped within the surface scratch marks and 
are being removed from the direct contact zone, as already 
reported by Hirata et al. [28]. Still, some of the particles 
remain in direct tribological contact, contributing to the 
slight reduction of the mean value of the COF. However, 
the high fluctuation of the COF in case of the 8.5-µm surface 
finishing is comparable with the behavior of the reference. 
Therefore, it becomes clear that the acting tribo-mechanisms 
of both samples are similar and most likely dominated by 
the direct contact of the alumina ball with the steel surface.
By analyzing the higher-grade surface finishes [3 µm 
(Rrms = 7.1 ± 1.5 nm), 1 µm (Rrms = 4.2 ± 1 nm) and 0.5 µm 
(Rrms = 3.9 ± 0.9 nm)], the COF is gradually decreasing 
and the standard deviations are clearly reduced. Considering 
that the Rrms values (7.1–3.9 nm) are now in the range of the 
particle diameter, a separation of the two sliding surfaces 
by OLC is conceivable. This leads to a stabilization of the 
COF evolution and thus explains the reduced standard devia-
tion. As discussed in the introduction, the OLC morphology, 
low amount of dangling bonds, and their high strength make 
it reasonable to assume that they are acting as rolling ele-
ments, eﬃciently reducing the friction coeﬃcient. However, 
the COF of the system is not reaching values below 0.2, as 
observed by Hirata et al. [28]. This might be a consequence 
of the counterpart roughness (Rrms of 20 nm), being able to 
trap OLC particles within the surface asperities. Nonethe-
less, an eﬀect on the COF by surface roughness variation of 
the substrate material is clearly noticeable.
In order to achieve a better understanding of the acting 
tribo-mechanisms, the wear tracks have to be analyzed in 
more detail. Figure 4 shows two SEM micrographs of single 
MWCNT on the steel surface (3-µm surface finishing) after 
the tribological experiment with the given sliding direction 
(S.D.).
The SEM micrographs exemplify the dimensions of the 
scratch marks of a 3-µm sample surface compared to the 
used MWCNT. These micrographs support the assumption, 
that MWCNT cannot be trapped within the roughness of 
the prepared surfaces. Considering the structural integrity 
of the particles, the MWCNT oriented perpendicular to the 
sliding direction seem to be unmodified and only slightly 
Fig. 4  SEM micrographs of a 
shortened MWCNT, oriented 
perpendicular to the sliding 
direction (S.D.) on a 3-µm sur-
face and b one single damaged, 
delaminated MWCNT, oriented 
parallel to the sliding direction 
(S.D.) on a 3-µm surface
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shorter than the initial length of 5–15 µm (Fig. 4a). This 
fact supports the assumption of MWCNT are able to roll 
on the surface. In contrast to that, the MWCNT which is 
aligned in parallel to the sliding direction appears to be fully 
degraded and delaminated (Fig. 4b). This observation is con-
sistent with Raman spectroscopy studies of previous works, 
describing the transition of MWCNT toward nanocrystalline 
graphite in a tribological contact [14]. The demonstrated 
situations represent the extreme possible cases and, as the 
MWCNT coating consists of randomly oriented particles, 
the lubrication mechanism almost certainly consists of a 
mixture of both cases.
In Fig. 5, the wear tracks of (a) the 3-µm surface coated 
with CNT and (b) the 3-µm surface coated with OLC are 
shown. In both cases, besides the shifted coating toward the 
end of the wear tracks, no sign of severe wear of the sub-
strate steel material is observed after 500 sliding cycles.
This fact also supports the assumption that both surfaces 
are eﬀectively separated by the particles when their diam-
eter is in the range of the surface roughness. Thus, it can 
be concluded that the tribological contact is dominated by 
the separation of the two surfaces by the carbon nanopar-
ticles and not by a direct interaction of the substrate steel 
with the alumina ball. This observation correlates well with 
the reduction in the COF in Fig. 3 as energy losses due to 
plastic deformation or adhesion of the potentially contact-
ing surfaces could be avoided. Furthermore, the shift of the 
carbon nanoparticle (CNP) coatings toward the end of the 
wear track takes place within the initial sliding cycles and 
therefore can be correlated with the initially high COF val-
ues. Considering the very low normal load of 50 mN, this 
is reasonable, as a slightly higher tangential force is needed 
in order to shift the agglomerated particle coatings toward 
the ends of the wear track, resulting in a higher COF. Par-
ticularly for the CNT-coated surfaces, this eﬀect is more 
pronounced as the CNT form an entangled network on the 
substrate surface. Thus, mechanically entangled CNT are 
piled up at the left-hand side of the wear track. Although 
this shifting of the coating happens within the initial slid-
ing cycles, the lubrication eﬀect is present for the entire 
experiment, showing that only few CNPs need to be in direct 
tribological contact for an eﬃcient lubrication as most of 
them are dragged out of the direct contact area.
Figure 6 presents the wear tracks of the 8.5-µm finished 
surfaces coated with CNT or OLC, respectively. It is notice-
able that the direct tribological contact zone in the middle of 
the SEM micrographs is by far less wide than the area of the 
removed coating. This can be explained by two facts. First, 
if the alumina ball applies pressure to the surface, only the 
center and its vicinity are in direct contact to the substrate 
material. The flanks of the alumina ball are only in con-
tact with the coating, which is shifted with the moving ball. 
Second, as the particles are agglomerated and entangled, 
coated areas that were not in direct contact to the alumina 
ball might be pulled by moving neighboring particles. Over-
all, this leads to the observed broad removal of the coating 
around the direct tribological contact zone. Furthermore, the 
wear track of the CNT coating (Fig. 6a) does not show any 
appearance of severe wear of the substrate material with the 
initially produced scratch marks of the surface preparation 
still being identifiable (Fig. 6c). However, the formation of 
a gray layer and filled scratch marks indicate the possibil-
ity of storing degraded MWCNT. Nevertheless, the lubrica-
tion eﬀect of this system is still active, as shown in Fig. 3a. 
In contrast to that, Fig. 6b and d clearly exhibits signs of 
severe wear as anisotropic scratch marks parallel to the slid-
ing direction are formed. This indicates that OLCs lose their 
ability to separate both surfaces, which is in agreement with 
the evolution of the COF. Furthermore, OLC particles are 
trapped within the as-prepared surface scratch marks, there-
fore not participating in the direct tribological contact to 
any further extent (Fig. 6d). For the 6-µm surfaces, similar 
observations were made.
Looking in detail at the wear tracks of the 3-µm finished 
surfaces (Fig. 7), diﬀerences between both coatings can be 
observed again. In case of the CNT-coated sample, the sur-
face is in pristine condition after the tribological experiment 
(500 sliding cycles), and no particle trapping is noticed, even 
with higher magnification. For the OLC coating, although no 
severe wear is observed, particles are partially stored in the 
scratch marks of the surface. Thus, the contacting surfaces 
of ball and substrate can still be separated, but the possible 
Fig. 5  SEM micrographs of the 
wear track after the tribological 
experiment of the 3-µm steel 
substrate coated wit a CNT and 
b OLC. In both cases, no severe 
wear of the substrate material is 
observed. The sliding direc-
tion (S.D.) is indicated with an 
arrow
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rolling mechanism of the OLC appears to be strongly hin-
dered, as analyzed in the COF measurement in Fig. 3b.
In Fig. 8, a single scratch mark of the OLC wear track in 
Fig. 7b, d is shown under high magnification, marked with 
red lines. OLC particles are observed between the red lines, 
which are stored in the scratch mark thus severely restricting 
their ability to freely move or roll on the surface.
For the 1-µm and 0.5-µm finished surfaces, no particle 
trapping is found, neither in case of CNT nor in case of OLC 
coatings. This explains the decreasing COF in case of the 
OLC coatings, as less surface scratch marks can interfere 
with the potential rolling mechanism of the particles.
However, by observing at very high magnification in 
the SEM (Fig. 9), gray-shaded areas are detected in the 
wear tracks for both coatings. These areas might result 
from the degradation of the carbon particles in the direct 
tribological contact, thus forming nanocrystalline gra-
phitic layers as already reported by Reinert et al. [14]. 
Fig. 6  SEM micrographs of the 
wear tracks after the tribologi-
cal experiment on the 8.5-µm 
surfaces coated with a MWCNT 
and b OLC. Higher-magnifica-
tion SEM micrographs show the 
scratch marks in more detail and 
are depicted in c for CNT and 
d for OLC. Severe wear is only 
observed for the OLC coated 
surface
Fig. 7  SEM micrographs of the 
wear tracks after the tribo-
logical experiment on the 3-µm 
surfaces coated with a MWCNT 
and b OLC. Higher-magnifica-
tion SEM micrographs show the 
scratch marks in more detail and 
are depicted in c for CNT and d 
for OLC
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Thus, the lubrication mechanism of both types of parti-
cles is traced back to a mixture between a rolling motion 
on the surfaces and particle degradation, including the 
formation of nanocrystalline graphitic layers. Summariz-
ing, this investigation highlights that choosing the suit-
able surface finish for a tribological application is crucial 
for achieving beneficial tribological effects of CNP-lubri-
cated surfaces.
4  Conclusions
In the present study, a systematic evaluation of the influ-
ence of surface roughness on the lubrication activity of 
MWCNT and OLC has been carried out. It was observed 
that the friction coeﬃcient of the steel surfaces (against alu-
mina counterbodies) can be decreased considerably from 0.7 
to 0.2 after applying an electrophoretically deposited OLC 
or MWCNT coating. The degree of frictional reduction in 
case of OLC is increasing with decreasing surface rough-
ness. For a roughness higher than the diameter of the OLC 
particles (4–10 nm), only marginal lubrication is observed. 
This is explained by the particles being trapped within the 
initially induced surface scratch marks, therefore not being 
able to separate the contacting surfaces. When the surface 
roughness is in the range of the OLC particle diameter or 
below, eﬃcient lubrication is observed. For MWCNT, no 
dependence of the lubrication activity on the surface rough-
ness is observed. This is explained by their larger diameter 
(20–85 nm) and high aspect ratio (length of 5–15 µm), 
allowing them to be dragged inside of the direct tribological 
contact region. The lubrication mechanism of both types of 
particles is traced back to a mixture between a rolling motion 
on the surfaces and particle degradation, including the for-
mation of nanocrystalline graphitic layers. However, it is 
assumed that the lubrication eﬀect for both particles would 
be even more pronounced in case of a smoother surface of 
the ball (Rrms = 20 ± 6 nm), as it might hinder the parti-
cles in their rolling mechanism. The aforementioned results 
emphasize that, in order to achieve beneficial tribological 
eﬀects of carbon nanoparticle lubricated surfaces, the choice 
of a suitable surface finish for a tribological application is 
of utmost importance.
Acknowledgements The present work is supported by funding from 
the Deutsche Forschungsgemeinschaft (DFG, project: MU 959/38-1 
and SU 911/1-1). L. R., S.S., and F. M. wish to acknowledge the EFRE 
Funds of the European Commission for support of activities within the 
AMELab project. This work was supported by the CREATe-Network 
Project, Horizon 2020 of the European Commission (RISE Project 
No. 644013).
References
 1. Holmberg, K., Andersson, P., Erdemir, A.: Global energy con-
sumption due to friction in passenger cars. Tribol. Int. 47, 221–
234 (2012). https ://doi.org/10.1016/j.tribo int.2011.11.022
 2. Donnet, C., Erdemir, A.: Solid lubricant coatings: recent develop-
ments and future trends. Tribol. Lett. 17, 389–397 (2004)
 3. Aouadi, S.M., Gao, H., Martine, A., Scharf, T.W., Muratore, C.: 
Lubricious oxide coatings for extreme temperature applications: 
a review. Surf. Coat. Technol. 257, 266–277 (2014)
 4. Li, Y., Li, B.X., Zou, W.J.: The relationship between nanocrys-
talline structure and frictional properties of nanodiamond/Ni 
Fig. 8  High-magnification SEM micrograph of a scratch mark 
(marked in red) within the wear track of the 3-µm surface coated 
with OLC after the experiment. It can be seen, that the scratch mark 
is filled with trapped OLC particles that cannot eﬃciently roll on the 
surface therefore providing no pronounced lubrication eﬀect (Color 
figure online)
Fig. 9  High-magnification SEM micrograph of the wear track 
after the tribological experiment on the 1-µm surface coated with 
MWCNT. The surface is representative for the OLC coating as well
 Tribology Letters  (2018) 66:45 
1 3
45  Page 10 of 11
composite coatings by brush plating. Appl. Mech. Mater. 80–81, 
683–687 (2011). https ://doi.org/10.4028/www.scien tific .net/
AMM.80-81.683
 5. Hirata, A., Yoshioka, N.: Sliding friction properties of carbon 
nanotube coatings deposited by microwave plasma chemical 
vapor deposition. Tribol. Int. 37, 893–898 (2004). https ://doi.
org/10.1016/j.tribo int.2004.07.005
 6. Miyoshi, K., Street Jr., K.W., Vander Wal, R.L., Andrews, R., 
Sayir, A.: Solid lubrication by multiwalled carbon nanotubes in 
air and in vacuum. Tribol. Lett. 19, 191–201 (2005). https ://doi.
org/10.1007/s1124 9-005-6146-4
 7. Reinert, L., Suárez, S., Rosenkranz, A.: Tribo-mechanisms of 
carbon nanotubes: friction and wear behavior of CNT-reinforced 
nickel matrix composites and CNT-coated bulk nickel. Lubricants 
4, 11 (2016). https ://doi.org/10.3390/lubri cants 40200 11
 8. Gogotsi, Y., Presser, V.: Carbon Nanomaterials. CRC Press, Boca 
Raton (2014). ISBN 9781138076815
 9. Bakshi, S.R., Lahiri, D., Agarwal, A.: Carbon nanotube reinforced 
metal matrix composites—a review. Int. Mater. Rev. 55, 41–64 
(2010). https ://doi.org/10.1179/09506 6009X 12572 53017 0543
 10. Mochalin, V.N., Shenderova, O., Ho, D., Gogotsi, Y.: The prop-
erties and applications of nanodiamonds. Nat. Nanotechnol. 7, 
11–23 (2012). https ://doi.org/10.1038/nnano .2011.209
 11. Iijima, S.: Helical microtubules of graphitic carbon. Nature 354, 
56–58 (1991)
 12. Cebik, J., McDonough, J.K., Peerally, F., Medrano, R., Neitzel, 
I., Gogotsi, Y., Osswald, S.: Raman spectroscopy study of the 
nanodiamond-to-carbon onion transformation. Nanotechnology 
24, 1–10 (2013). https ://doi.org/10.1088/0957-4484/24/20/20570 3
 13. Zeiger, M., Jäckel, N., Aslan, M., Weingarth, D., Presser, 
V.: Understanding structure and porosity of nanodiamond-
derived carbon onions. Carbon 84, 584–598 (2015). https ://doi.
org/10.1016/j.carbo n.2014.12.050
 14. Reinert, L., Lasserre, F., Gachot, C., Grützmacher, P., MacLucas, 
T., Souza, N., Mücklich, F., Suarez, S.: Long-lasting solid lubrica-
tion by CNT-coated patterned surfaces. Sci. Rep. (2017). https ://
doi.org/10.1038/srep4 2873
 15. Hu, J.J., Jo, S.H., Ren, Z.F., Voevodin, A., Zabinski, J.S.: Tribo-
logical behavior and graphitization of carbon nanotubes grown on 
440C stainless steel. Tribol. Lett. 19, 119–125 (2005). https ://doi.
org/10.1007/s1124 9-005-5091-6
 16. Tunable friction behavior of oriented carbon nanotube films: Dick-
rell, P.L., Pal, S.K., Bourne, G.R., Muratore, C., Voevodin, a. a., 
Ajayan, P.M., Schadler, L.S., Sawyer, W.G. Tribol. Lett. 24, 85–90 
(2006). https ://doi.org/10.1007/s1124 9-006-9162-0
 17. Zhang, X., Luster, B., Church, A., Muratore, C., Voevodin, A.A., 
Kohli, P., Aouadi, S., Talapatra, S.: Carbon nanotube-MoS2 
composites as solid lubricants. ACS Appl. Mater. Interfaces 1, 
735–739 (2009). https ://doi.org/10.1021/am800 240e
 18. Arai, S., Fujimori, A., Murai, M., Endo, M.: Excellent solid lubri-
cation of electrodeposited nickel-multiwalled carbon nanotube 
composite films. Mater. Lett. 62, 3545–3548 (2008). https ://doi.
org/10.1016/j.matle t.2008.03.047
 19. Chen, W.X., Tu, J.P., Wang, L.Y., Gan, H.Y., Xu, Z.D., Zhang, 
X.B.: T ribological application of carbon nanotubes in a metal-
based composite coating and composites. Carbon 41, 215–222 
(2003)
 20. Kim, K.T., Cha, S.I., Hong, S.H.: Hardness and wear resistance 
of carbon nanotube reinforced Cu matrix nanocomposites. Mater. 
Sci. Eng. A 449–451, 46–50 (2007). https ://doi.org/10.1016/j.
msea.2006.02.310
 21. Scharf, T.W., Neira, A., Hwang, J.Y., Tiley, J., Banerjee, R.: 
Self-lubricating carbon nanotube reinforced nickel matrix 
composites. J. Appl. Phys. 106, 013508 (2009). https ://doi.
org/10.1063/1.31583 60
 22. Chen, C.S., Chen, X.H., Xu, L.S., Yang, Z., Li, W.H.: Modifica-
tion of multi-walled carbon nanotubes with fatty acid and their tri-
bological properties as lubricant additive. Carbon 43, 1660–1666 
(2005). https ://doi.org/10.1016/j.carbo n.2005.01.044
 23. Peng, Y., Hu, Y., Wang, H.: Tribological behaviors of surfactant-
functionalized carbon nanotubes as lubricant additive in water. 
Tribol. Lett. 25, 247–253 (2006). https ://doi.org/10.1007/s1124 
9-006-9176-7
 24. Lu, H.F., Fei, B., Xin, J.H., Wang, R.H., Li, L., Guan, W.C.: 
Synthesis and lubricating performance of a carbon nanotube 
seeded miniemulsion. Carbon 45, 936–942 (2007). https ://doi.
org/10.1016/j.carbo n.2007.01.001
 25. Dickrell, P.L., Sinnott, S.B., Hahn, D.W., Raravikar, N.R., 
Schadler, L.S., Ajayan, P.M., Sawyer, W.G.: Frictional anisot-
ropy of oriented carbon nanotube surfaces. Tribol. Lett. 18, 59–62 
(2005). https ://doi.org/10.1007/s1124 9-004-1752-0
 26. Ni, B., Sinnott, S.B.: Tribological properties of carbon nanotube 
bundles predicted from atomistic simulations. Surf. Sci. 487, 
87–96 (2001). https ://doi.org/10.1016/S0039 -6028(01)01073 -1
 27. Martin, J.M., Ohmae, N.: Nanolubricants. Wiley, New York 
(2008). ISBN 978-0-470-06552-5
 28. Hirata, A., Igarashi, M., Kaito, T.: Study on solid lubricant prop-
erties of carbon onions produced by heat treatment of diamond 
clusters or particles. Tribol. Int. 37, 899–905 (2004). https ://doi.
org/10.1016/j.tribo int.2004.07.006
 29. Park, S., Srivastava, D., Cho, K.: Generalized chemical reactivity 
of curved surfaces: carbon nanotubes. Nano Lett. 3, 1273–1277 
(2003). https ://doi.org/10.1021/nl034 2747
 30. Street, K.W., Marchetti, M., Vander Wal, R.L., Tomasek, A.J.: 
Evaluation of the tribological behavior of nano-onions in Krytox 
143AB. Tribol. Lett. 16, 143–149 (2004)
 31. Bucholz, E.W., Phillpot, S.R., Sinnott, S.B.: Molecular dynamics 
investigation of the lubrication mechanism of carbon nano-onions. 
Comput. Mater. Sci. 54, 91–96 (2012). https ://doi.org/10.1016/j.
comma tsci.2011.09.036
 32. Menezes, P.L., Kishore, Kailas, S.V.: Eﬀect of surface roughness 
parameters and surface texture on friction and transfer layer for-
mation in tin–steel tribo-system. J. Mater. Process. Technol. 208, 
372–382 (2008). https ://doi.org/10.1016/j.jmatp rotec .2008.01.003
 33. Persson, B.N.J., Albohr, O., Tartaglino, U., Volokitin, A.I., 
Tosatti, E.: On the nature of surface roughness with application to 
contact mechanics, sealing, rubber friction and adhesion. J. Phys. 
Condens. Matter. (2005). https ://doi.org/10.1088/0953-8984/17/1/
r01
 34. Sahin, M., Çetinarslan, C.S., Akata, H.E.: Eﬀect of surface rough-
ness on friction coeﬃcients during upsetting processes for dif-
ferent materials. Mater. Des. 28, 633–640 (2007). https ://doi.
org/10.1016/j.matde s.2005.07.019
 35. Svahn, F., Kassman-Rudolphi, Å., Wallén, E.: The influence of 
surface roughness on friction and wear of machine element coat-
ings. Wear 254, 1092–1098 (2003). https ://doi.org/10.1016/S0043 
-1648(03)00341 -7
 36. Komvopoulos, K.: Adhesion and friction forces in microelectro-
mechanical systems: mechanisms, measurement, surface modifi-
cation techniques, and adhesion theory. J. Adhes. Sci. Technol. 17, 
477–517 (2003). https ://doi.org/10.1163/15685 61036 05543 84
 37. Bowden, F.P., Tabor, D.: Mechanism of metallic friction. Nature 
3798, 197–199 (1942). https ://doi.org/10.1038/15019 7a0
 38. Czichos, H., Habig, K.: Tribologie-Handbuch. Vieweg + Teubner, 
Wiesbaden (2010). ISBN 978-3-8348-0017-6
 39. Hirano, M., Shinjo, K., Kaneko, R., Murata, Y.: Anisotropy of 
frictional forces in muscovite mica. Phys. Rev. Lett. 67, 2642–
2646 (1991)
 40. Dienwiebel, M., Verhoeven, G., Pradeep, N., Frenken, J., Heim-
berg, J., Zandbergen, H.: Superlubricity of graphite. Phys. Rev. 
Tribology Letters  (2018) 66:45  
1 3
Page 11 of 11  45 
Lett. 92, 126101 (2004). https ://doi.org/10.1103/PhysR evLet 
t.92.12610 1
 41. Tomlinson, G.A.: A molecular theory of friction. Lond. Edinb. 
Dublin Philos. Mag. J. Sci. 7, 905–939 (1929). https ://doi.
org/10.1080/14786 44060 85648 19
 42. Weiss, M., Elmer, F.: Dry friction in the Frenkel–Kontorova–Tom-
linson model: static properties. Phys. Rev. B Condens. Matter 53, 
7539–7549 (1996)
 43. Etsion, I.: State of the art in laser surface texturing. J. Tribol. 
Trans. ASME 127, 248 (2005). https ://doi.org/10.1115/1.18280 70
 44. Rapoport, L., Moshkovich, A., Perfilyev, V., Gedanken, A., 
Koltypin, Y., Sominski, E., Halperin, G., Etsion, I.: Wear life 
and adhesion of solid lubricant films on laser-textured steel sur-
faces. Wear 267, 1203–1207 (2009). https ://doi.org/10.1016/j.
wear.2009.01.053
 45. Gachot, C., Rosenkranz, A., Reinert, L., Ramos-Moore, E., Souza, 
N., Müser, M.H., Mücklich, F.: Dry friction between laser-pat-
terned surfaces: role of alignment, structural wavelength and 
surface chemistry. Tribol. Lett. 9, 193–202 (2013). https ://doi.
org/10.1007/s1124 9-012-0057-y
 46. Rosenkranz, A., Reinert, L., Gachot, C., Mücklich, F.: Alignment 
and wear debris eﬀects between laser-patterned steel surfaces 
under dry sliding conditions. Wear 318, 49–61 (2014). https ://
doi.org/10.1016/j.wear.2014.06.016
 47. Sondhauß, J., Fuchs, H., Schirmeisen, A.: Frictional properties of 
a mesoscopic contact with engineered surface roughness. Tribol. 
Lett. 42, 319–324 (2011)
 48. Persson, B.N.J.: Contact mechanics for randomly rough surfaces. 
Surf. Sci. Rep. 61, 201–227 (2006). https ://doi.org/10.1016/j.surfr 
ep.2006.04.001
 49. Greenwood, J., Williamson, J.: Contact of nominally flat surfaces. 
R. Soc. Publ. 295, 300–319 (1966)
 50. Jackson, R.L., Green, I.: A statistical model of elasto-plastic 
asperity contact between rough surfaces. Tribol. Int. 39, 906–914 
(2006). https ://doi.org/10.1016/j.tribo int.2005.09.001
 51. Akbulut, M.: Nanoparticle-based lubrication systems. J. Powder 
Metall. Min. 1, 377–411 (2012). https ://doi.org/10.1002/97811 
18483 961.ch17
 52. Wu, Y.Y., Tsui, W.C., Liu, T.C.: Experimental analysis of tri-
bological properties of lubricating oils with nanoparticle addi-
tives. Wear 262, 819–825 (2007). https ://doi.org/10.1016/j.
wear.2006.08.021
 53. Ivanov, M.G., Ivanov, D.M., Pavlyshko, S.V., Petrov, I., Vargas, 
A., McGuire, G., Shenderova, O.: Nanodiamond-based nanolubri-
cants. Fuller. Nanotub. Carbon Nanostruct. 20, 606–610 (2012). 
https ://doi.org/10.1080/15363 83x.2012.65701 0
 54. Joly-Pottuz, L., Vacher, B., Ohmae, N., Martin, J.M., Epicier, 
T.: Anti-wear and friction reducing mechanisms of carbon nano-
onions as lubricant additives. Tribol. Lett. 30, 69–80 (2008). https 
://doi.org/10.1007/s1124 9-008-9316-3
 55. Khalilpourazary, S., Meshkat, S.S.: Investigation of the eﬀects 
of alumina nanoparticles on spur gear surface roughness and hob 
tool wear in hobbing process. Int. J. Adv. Manuf. Technol. 71, 
1599–1610 (2014). https ://doi.org/10.1007/s0017 0-013-5591-8
 56. Rahmati, B., Sarhan, A.A.D., Sayuti, M.: Investigating the opti-
mum molybdenum disulfide  (MoS2) nanolubrication parameters in 
CNC milling of AL6061-T6 alloy. Int. J. Adv. Manuf. Technol. 70, 
1143–1155 (2014). https ://doi.org/10.1007/s0017 0-013-5334-x
 57. Hwang, Y., Lee, C., Choi, Y., Cheong, S., Kim, D., Lee, K., Lee, 
J., Kim, S.H.: Eﬀect of the size and morphology of particles 
dispersed in nano-oil on friction performance between rotating 
discs. J. Mech. Sci. Technol. 25, 2853–2857 (2011). https ://doi.
org/10.1007/s1220 6-011-0724-1
 58. Kogovšek, J., Remškar, M., Mrzel, A., Kalin, M.: Influence of 
surface roughness and running-in on the lubrication of steel 
surfaces with oil containing  MoS2 nanotubes in all lubrication 
regimes. Tribol. Int. 61, 40–47 (2013). https ://doi.org/10.1016/j.
tribo int.2012.12.003
 59. Tevet, O., Von-Huth, P., Popovitz-Biro, R., Rosentsveig, R., Wag-
ner, H.D., Tenne, R.: Friction mechanism of individual multi-
layered nanoparticles. Proc. Natl. Acad. Sci. 108, 19901–19906 
(2011). https ://doi.org/10.1073/pnas.11065 53108 
 60. Majumder, M., Rendall, C., Li, M., Behabtu, N., Eukel, J.A., 
Hauge, R.H., Schmidt, H.K., Pasquali, M.: Insights into the 
physics of spray coating of SWNT films. Chem. Eng. Sci. 65, 
2000–2008 (2010). https ://doi.org/10.1016/j.ces.2009.11.042
 61. Mirri, F., Ma, A.W.K., Hsu, T.T., Behabtu, N., Eichmann, S.L., 
Young, C.C., Tsentalovich, D.E., Pasquali, M.: High-performance 
carbon nanotube transparent conductive films by scalable dip coat-
ing. ACS Nano 6, 9737–9744 (2012)
 62. De Nicola, F., Castrucci, P., Scarselli, M., Nanni, F., Cacciotti, 
I., De Crescenzi, M.: Super-hydrophobic multi-walled carbon 
nanotube coatings for stainless steel. Nanotechnology 26, 145701 
(2015). https ://doi.org/10.1088/0957-4484/26/14/14570 1
 63. Boccaccini, A.R., Cho, J., Roether, J.A., Thomas, B.J.C., Jane 
Minay, E., Shaﬀer, M.S.P.: Electrophoretic deposition of car-
bon nanotubes. Carbon 44, 3149–3160 (2006). https ://doi.
org/10.1016/j.carbo n.2006.06.021
 64. Besra, L., Liu, M.: A review on fundamentals and applications 
of electrophoretic deposition (EPD). Prog. Mater Sci. 52, 1–61 
(2007). https ://doi.org/10.1016/j.pmats ci.2006.07.001
 65. Reinert, L., Zeiger, M., Suarez, S., Presser, V., Mücklich, F.: Dis-
persion analysis of carbon nanotubes, carbon onions, and nano-
diamonds for their application as reinforcement phase in nickel 
metal matrix composites. RSC Adv. 5, 95149–95159 (2015). https 
://doi.org/10.1039/C5RA1 4310A 
 66. De Riccardis, M.F., Carbone, D., Rizzo, A.: A novel method for 
preparing and characterizing alcoholic EPD suspensions. J. Col-
loid Interface Sci. 307, 109–115 (2007). https ://doi.org/10.1016/j.
jcis.2006.10.037
 67. Yen, B.K., Ishihara, T.: Eﬀect of humidity on friction and wear of 
Al–Si eutectic alloy and Al–Si alloy-graphite composites. Wear 
198, 169–175 (1996)
 68. Savage, R.H.: Graphite lubrication. J. Appl. Phys. 19, 1 (1948). 
https ://doi.org/10.1063/1.16978 67
 69. Berman, D., Erdemir, A., Sumant, A.V.: Graphene: a new 
emerging lubricant. Mater. Today 17, 31–42 (2014). https ://doi.
org/10.1016/j.matto d.2013.12.003
 70. Blau, P.J.: On the nature of running-in. Tribol. Int. 38, 1007–1012 
(2005). https ://doi.org/10.1016/j.tribo int.2005.07.020
 71. Dogan, H., Findik, F., Morgul, O.: Friction and wear behaviour 
of implanted AISI 316L SS and comparison with a substrate. 
Mater. Des. 23, 605–610 (2002). https ://doi.org/10.1016/S0261 
-3069(02)00066 -3
Advanced self-lubricating surfaces based on carbon nanoparticles 
 Leander Reinert 79 
VII Influence of surface design on the solid lubricity of 
 carbon nanotubes-coated steel surfaces 
Christian Schäfer1, Leander Reinert1, Timothy MacLucas1, Philipp Grützmacher1, Rolf 
Merz2,  Frank Mücklich1 and Sebastian Suárez1 
1 Department of Material Science and Engineering, Saarland University, 66123 Saarbrücken, Germany 
2 Institut für Oberflächen-und Schichtanalytik GmbH, Trippstadter Straße 120, 67663 Kaiserslautern, Germany 
 
Published in “Tribology letters” (Impact factor (2018): 2.182) 
The final publication is available at link.springer.com 
Accessible online at: https://doi.org/10.1007/s11249-018-1044-8 
  
Own contribution: 
Planning and coordination of tribological experiments; Friction coefficient analysis; Scanning 
electron microscopy and wear track analysis; Raman spectroscopy analysis; Writing; Discussion; 
Planning. 
  
Abstract: 
Topographically designed surfaces are able to store solid lubricants, preventing their removal out of 
the tribological contact and thus significantly prolonging the lubrication lifetime of a surface. The 
present study provides a systematic evaluation of the influence of surface structure design on the 
solid lubrication effect of multi-walled carbon nanotubes (MWCNT) coated steel surfaces. For this 
purpose, direct laser writing using a femtosecond pulsed laser system is deployed to create surface 
structures, which are subsequently coated with MWCNT by electrophoretic deposition. The 
structural depth or aspect ratio of the structures and thus the lubricant storage volume of the solid 
lubricant is varied. The frictional behavior of the surfaces is recorded using a ball-on-disc tribometer 
and the surfaces are thoroughly characterized by complementary characterization techniques. 
Efficient lubrication is achieved for all MWCNT coated surfaces. However, and in contrast to what 
would be expected, it is shown that deeper structures with larger lubricant storage volume do not 
lead to an extended lubrication lifetime and behave almost equally to the coated unstructured 
surfaces. This can be attributed, among other things, to differences in the final surface roughness of 
the structures and the slope steepness of the structures, which prevent efficient lubricant supply into 
the contact. 
 
Cite this as: 
C. Schäfer, L. Reinert, T. MacLucas, P. Grützmacher, R. Merz, F. Mücklich and S. Suárez, Influence of 
surface design on the solid lubricity of carbon nanotubes-coated steel surfaces, Tribology letters 2018, 66:89 
(https://doi.org/10.1007/s11249-018-1044-8) 
 
 
	
Vol.:(0123456789) 
Tribology Letters  (2018) 66:89  
https://doi.org/10.1007/s11249-018-1044-8
ORIGINAL PAPER
Influence of Surface Design on the Solid Lubricity of Carbon 
Nanotubes-Coated Steel Surfaces
C. Schäfer1 · L. Reinert1 · T. MacLucas1 · P. Grützmacher1 · R. Merz2 · F. Mücklich1 · S. Suarez1 
Received: 8 March 2018 / Accepted: 19 June 2018 
© Springer Science+Business Media, LLC, part of Springer Nature 2018
Abstract
Topographically designed surfaces are able to store solid lubricants, preventing their removal out of the tribological contact 
and thus significantly prolonging the lubrication lifetime of a surface. The present study provides a systematic evaluation of 
the influence of surface structure design on the solid lubrication eﬀect of multi-walled carbon nanotubes (MWCNT) coated 
steel surfaces. For this purpose, direct laser writing using a femtosecond pulsed laser system is deployed to create surface 
structures, which are subsequently coated with MWCNT by electrophoretic deposition. The structural depth or aspect ratio 
of the structures and thus the lubricant storage volume of the solid lubricant is varied. The frictional behavior of the surfaces 
is recorded using a ball-on-disk tribometer and the surfaces are thoroughly characterized by complementary characteriza-
tion techniques. Eﬃcient lubrication is achieved for all MWCNT-coated surfaces. However, and in contrast to what would 
be expected, it is shown that deeper structures with larger lubricant storage volume do not lead to an extended lubrication 
lifetime and behave almost equally to the coated unstructured surfaces. This can be attributed, among other things, to dif-
ferences in the final surface roughness of the structures and the slope steepness of the structures, which prevent eﬃcient 
lubricant supply into the contact.
Keywords Solid lubrication · Laser structuring · Carbon nanotubes · Coatings · Surface modification
1 Introduction
In the past years, it has been extensively reported, that pre-
cisely produced periodic surface structures positively influ-
ence friction and wear in mechanically loaded components 
for example by reducing the real contact area and trapping 
wear debris [1–3]. To create those surface structures, there 
is a great number of possible techniques available, such 
as micro coining [4], burnishing [5], lithography and ani-
sotropic etching [6], honing [7], and laser surface textur-
ing (LST) [1]. Regarding LST, a distinction can be made 
between direct laser writing (DLW) and direct laser interfer-
ence patterning (DLIP). While DLIP is based on the inter-
ference of several laser beams, making high speed surface 
patterning possible [8, 9], DLW provides a greater flexibility 
of the created structures (e.g., higher aspect ratios) through 
successive surface processing.
Well defined depressions on a textured surface may also 
act as a reservoir for liquid and solid lubricants and are 
therefore able to continuously provide the loaded contact 
area with lubricant, resulting in a reduction of friction and 
wear and thus prolonging the duty life of the tribological 
stressed components [10–13].
Concerning solid lubricants, materials like graphite [14], 
 MoS2 [13, 14],  WS2 [15], and carbon nanotubes (CNTs) 
[16] turned out to be very eﬀective in lowering the coeﬃ-
cient of friction (COF). Among those, particularly CNTs are 
exceedingly promising candidates due to their unique prop-
erties, such as their  sp2-hybridization state and the result-
ing binding conditions, their unique form, their high aspect 
ratio as well as their high flexibility. Numerous studies have 
shown, that CNTs can significantly contribute to reduce fric-
tion and wear in tribological applications, for example as a 
reinforcing second phase in composites [17–22], as a solid 
protective film [23–27], or as an additive in liquid lubricants 
[28–31]. Scharf et al. [19] were able to trace the self-lubri-
cating properties of Ni/CNT-composites to the formation 
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of a lubricating film of graphitic nature, which protects the 
contacted surface against tribo-chemical reactions (e.g., oxi-
dation) and leads to a low shear strength within the contact 
area. Furthermore, the lubricating eﬀect of CNTs is often 
linked to their ability to roll and slide over surfaces [32] and 
to act as spacers between a contacting tribological pair [33]. 
Dickrell et al. [26, 34] pointed out diﬀerences in the tribo-
logical behavior of CNT films depending on their orientation 
on the substrate surface. The horizontally aligned nanotubes 
showed an immense lowering of COF in comparison to the 
vertically arranged CNTs due to their ability – in case of 
the horizontal alignment – to perform complex motions that 
combine sliding and rolling [32].
Regarding the manufacturing of CNT-coatings, there is 
a large variety of possible techniques, e.g., spray coating 
[35], dip coating [36], drop casting [22, 37], chemical vapor 
deposition (CVD) [38], or electrophoretic deposition (EPD) 
[39–41]. Out of those, EPD oﬀers a variety of benefits, such 
as low costs, simple procedure, reproducibility, good control 
of the layer thickness, microstructural homogeneity of the 
coatings as well as the possibility to deposit on complex 
shapes [42–44].
Despite the above-mentioned advantages, both, laser-
induced surface structures as well as coatings containing 
solid lubricants involve drawbacks related to friction and 
wear. Periodical structures may be gradually removed and 
solid lubricants may be transported out of the contact area 
by continuous removal, severely hindering their positive tri-
bological eﬀects [2, 3, 22]. However, a combination of both 
methods could lead to an overcoming of those drawbacks.
Recently, Reinert et al. [45] investigated the tribologi-
cal behavior of DLIP-structured and CNT-coated steel sub-
strates. They could show, that the combination of both tech-
niques facilitates the storage of CNTs within the depressions 
of the periodic surface structure, whereby the CNTs are con-
tinuously fed into the contact area thus reducing friction and 
wear to a significant degree. Compared to the isolated used 
methods, the period, in which a noticeably reduced COF is 
present, can be prolonged many times. The line-like struc-
tures complete their task as reservoirs for solid lubricant 
until they are completely removed.
The results shown in [45] form the basis for the motiva-
tion of this study. The increase in aspect ratio of the struc-
tures by producing deeper structures and thus increasing the 
volume of the reservoirs could lead to a further improve-
ment of the tribological system. However, with the nano-
second laser system used in [45], the achievable structural 
depths are limited to approximately 1 µm [11, 46]. With 
an ultra-short pulsed laser system, material is removed by 
ablation, preventing the formation of piled up, molten and 
re-solidified material, thus leading to surfaces with a higher 
load-bearing capacity and a larger lubricant storage reservoir 
at the same time [47, 48]. For the given reasons, this study 
investigates the influence of the lubrication reservoir volume 
on the tribological behavior of CNT-coated steel samples. 
For varying the structure depth, an ultra-short pulsed laser 
system with a pulse duration of 100 fs and a repetition rate 
of 1 kHz is used. Due to the above-mentioned advantages 
over the other techniques, EPD is used for producing the 
CNT-coatings.
2  Materials and Methods
2.1  Materials
MWCNTs synthesized by catalytic chemical vapor depo-
sition (CCVD) were purchased from Graphene Supermar-
ket (USA). Their diameter distribution ranged between 50 
and 85 nm and their length between 10 and 15 µm. The 
as-received carbon content is over 94%. The substrates 
consisted of stainless steel plates (AISI 304 grade) with a 
thickness of 1 mm and a (20 × 20)  mm2 area. The surface is 
finished to a mirror polishing  (Ra = 16.3 ± 5.2 nm). Before 
structuring the platelets, the surfaces were cleaned rigor-
ously to remove possible contaminants. The cleaning pro-
cess consisted of three consecutive 10 min ultrasound baths 
(Bandelin Sonorex RK514BH) in cyclohexane, acetone, and 
isopropanol alternated with deionized water rinsing followed 
by drying with pressurized air.
2.2  Characterization Techniques
The steel surfaces were topographically characterized by 
confocal laser-scanning microscopy (LEXT OLS4100, 
Olympus) with a laser wavelength of 405 nm. The lateral 
and vertical resolution of the equipment is 120 and 10 nm, 
respectively. The measurements were carried out with a 50X 
objective (N.A. = 0.95). The coatings and wear tracks were 
morphologically characterized with a field emission scan-
ning electron microscopy/ focused ion beam (FE-SEM/FIB) 
Helios NanoLab 600 dual beam workstation (FEI) equipped 
with an EDS detector (EDAX). The structural characteristics 
of the CNTs and the oxide development were observed by 
Raman spectroscopy on an inVia Raman microscope (Ren-
ishaw). The used laser wavelength was 532 nm. The laser 
power on the sample was 2 mW (50X objective, N. A. 0.9), 
resulting in a spot size of 5 µm. The spectral resolution is 
1.2 cm−1. All the acquired spectra are further post-processed 
by removing the experimental background and fitting the 
characteristic peaks with Lorentz functions [49].
Oxide layer thickness and chemistry were characterized 
by AES (Auger electron spectroscopy) on diﬀerent areas of 
the micro structured steel platelets after laser irradiation. The 
analysis was done by sputter depth profiles. Here the 10 keV, 
10 nA primary electron beam is scanned selectively over 
Tribology Letters  (2018) 66:89  
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micro regions, defined before in SEM micrographs, alter-
natingly followed by single sputter steps with a Ar + beam 
(beam energy 2 keV) scanned over 2 mm x 2 mm. With the 
same ion gun adjustments the oxide layer of a standard refer-
ence sample (60 nm  Ta2O5 oxide layer on Ta) was sputtered 
through in 490 min.
2.3  Ultra-Short Pulsed Laser Surface Structuring
The surfaces of the steel platelets are structured by direct 
laser writing (DLW) using a femtosecond pulsed laser sys-
tem (Spectra-Physics, Ti:Sapphire laser) with a pulse length 
of 100 fs, a wavelength of 800 nm and a pulsing frequency 
of 1 kHz. The laser is focused on the sample surface with an 
output power of 30 mW producing a spot size of 10–15 µm 
Line-like structures are created on the steel platelets by mov-
ing them with a two axis motorized stage in a meander-like 
pattern. Subsequently, the sample is rotated by 90° and the 
process is repeated, finally resulting in a cross-like struc-
ture. Cross-like structures are chosen instead of line-like 
structures as the tribological measurement is performed in 
a rotational mode. Thus, a line-like structure would behave 
highly anisotropic. According to the pulse frequency, the 
stage velocity is adapted so that the individual laser pulses 
overlap by 50% and an almost constant structural depth of 
1 µm is obtained for one laser pass. In order to create a struc-
ture depth of 3 µm, the laser beam is moved four times in 
total over each line. The distance from line to line is chosen 
to be 50 µm.
2.4  Coating Production by Electrophoretic 
Deposition
Prior to the deposition, the CNTs were acid-functionalized 
following the procedure described in a previous paper by 
[50]. Subsequently, the functionalized CNTs (9 mg) were 
dispersed in ethanol (90 mL) with triethylamine (13 mL) 
as an additive. The function of the additive is to improve 
the deposition rate of the dispersed CNTs by increasing the 
degree of deprotonation of the carboxy groups on the par-
ticles’ surface. During the first part of the dispersion pro-
cess, the colloidal solution is homogenized in a shear mixer 
(Ultra-Turrax T25, IKA-Germany) at 8000 rpm for 5 min. 
Secondly, the solution is further dispersed in an ultrasonic 
bath (Bandelin Sonorex RK514BH) for 20 min. The deposi-
tion occurred at a voltage of 40 V over a period of 10 min on 
the anode. During deposition, the electrodes are arranged in 
parallel to ensure the formation of a uniform electric field 
between the electrodes and therefore a homogeneous coat-
ing. The separation of the electrodes remained constant 
at 1.3 cm. After the deposition, the coated substrate was 
immersed in ethanol in order to wash out the additive.
2.5  Tribological Experiments
The tribological characterization was performed using a 
ball-on-disk micro-tribometer (CSM Instruments) work-
ing in rotational mode. The tribometer is placed within an 
environmental chamber to control temperature and humidity 
during the experiments. The chosen track radius was 5 mm 
and the normal load was 1 N. According to the Hertz con-
tact model, the initial eﬀective maximum contact pressure 
is approximately 757 MPa. The linear velocity was set to 
1 cm/s so as to allow the lubricant to be pressed into the 
surface depressions and not to be swept away from the sur-
face. The friction force was measured by a linear variable 
diﬀerential transformer (LVDT). Every experiment was 
repeated four times so as to perform a statistically repre-
sentative analysis of the behavior. During the experiments, 
the temperature and humidity were kept constant at 25 °C 
and 45%, respectively. The selected static counterpart was 
an  Al2O3 ball (Anton Paar GmbH), with a 6 mm diameter 
and a surface roughness of  Ra: 23.8 ± 1.8 nm. As the alumina 
ball is much harder than the steel surface, wear is expected 
to occur mainly on the steel surface.
3  Results and Discussion
3.1  Initial State Characterization
The fabricated surfaces and the corresponding cross sections 
are depicted using laser-scanning microscopy in Fig. 1.
The surfaces show a homogeneous surface structure with 
a reproducible structural depth of 1 µm or 3 µm, respectively. 
Particularly for the structural depth of 3 µm (Fig. 1 c, f), the 
formation of high profile deposits is observed at the edges 
of the surface depressions. These can be traced back to a 
displacement of the molten from the ablation zone as well 
as to a re-depositioning of ablated material [51]. The eﬀect 
is also present for the structures with a depth of 1 µm, but to 
a much lesser degree, as can be seen in Fig. 1 b and e. Fur-
thermore, it has to be mentioned, that the crossing points of 
the laser structures present surfaces depressions, which are 
twice as deep. This is a consequence of being exposed to the 
laser beam in case of the horizontal and vertical structuring 
process. In order to evaluate the load-bearing capacity of the 
surfaces, Abbott-Firestone curves [52] are plotted in Fig. 2 
for the reference as well as for the laser-structured surfaces.
It is observed that the high profile deposits represent the 
first 5% of the material portion for the structured samples. 
However, in case of the 3 µm-curve, the slope within this 
section is much higher than for the 1 µm-curve, indicating 
the presence of a large amount of rather pointy asperities 
due to displacement of molten material and material re-
depositioning at the edges of the surface depressions. For 
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a material portion between 5 and 55%, the 1 µm-curve is 
almost in parallel to the reference curve, thus presenting a 
smooth surface with a high load-bearing capacity.
This is traced back to the almost unmodified large surface 
plateaus of 35 × 35 µm2 in size. The 3 µm-curve drops twice 
as much in this section, which speaks for a surface with a 
higher roughness on the above-mentioned surface plateaus, 
possibly being a consequence of material re-depositioning 
and the generation of laser-induced periodic surface struc-
tures (LIPSS) [53]. The latter result from the interference 
between the incident and the already reflected laser beam. 
For strongly absorbing materials, like metals and semicon-
ductors, low-spatial-frequency-LIPSS (LSFL) with perio-
dicities in the range of the used laser wavelength and an 
orientation perpendicular to the polarization of the laser 
beam can be observed.. The next section (55–95%) is based 
on the generated surface depressions, which show a decrease 
in height of 1 µm or 3 µm, respectively. The last part of the 
curve (95–100%) corresponds to the intersecting points dur-
ing the laser structuring process, consequently being twice 
as deep.
Subsequently, the surfaces were chemically character-
ized using Auger electron spectroscopy. For this purpose, 
the laser-structured surface (depth of 3 µm) and the unstruc-
tured steel reference are measured. The results can be found 
in Fig. 3.
In the case of the laser-structured surface, three areas are 
distinguished (1–3), with 1 representing the ablation area, 2 
the edge of the surface depression where high profile depos-
its are found, and 3 the area that was not subjected to abla-
tion. By comparing the graph of the unstructured reference 
with the graphs of the structured surface, it is obvious, that 
the concentration in oxygen is increased for the laser-struc-
tured surface. This could be explained with the ablated metal 
being highly reactive, and thus being oxidized during this 
process. Due to the re-deposition of ablated metal in area 2 
Fig. 1  Height profile color maps of a polished steel plate, b 1 µm DLW structure and c 3 µm DLW structure. d–f profile of the surfaces meas-
ured at the corresponding red lines of the color maps. (Color figure online)
Fig. 2  Abbott-Firestone curves of the reference surface and the laser-
structured surfaces with a depth of 1 and 3 µm, respectively. (Color 
figure online)
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Fig. 3  SEM micrographs of a the unstructured steel reference and 
c the laser-structured surface with a structural depth of 3  µm. The 
marked regions 1–3 in c are measured by AES in (d, e and f), respec-
tively. The corresponding AES characterization is also performed for 
the unstructured reference in (b). (Color figure online)
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and 3, the areas are fully covered with metal oxides [54]. A 
quantitative comparison of oxidation between the diﬀerent 
areas is not possible, since the areas provide diﬀerent sur-
face roughness. Thus, with the surfaces being measured after 
diﬀerent sputtering times, oxides that were present between 
surface roughness asperities are possibly not removed and 
contribute to the AES signal even for higher depths. How-
ever, it can be concluded that light surface oxidation of the 
structured surfaces must be taken into account when discuss-
ing the tribological results. In addition, the above-mentioned 
LIPSS can be observed all over the sample.
Finally, the surfaces were coated with MWCNT using 
EPD. Figure 4 shows the obtained coated surfaces.
In all cases, CNT agglomerates are still observed on the 
surfaces. Furthermore, no evident uncovered areas or cracks 
in the coatings are identified. The SEM/FIB cross sections 
show a homogeneous thickness of approximately 1 µm in 
all cases. It is worth noting that in the 3 µm depth sample 
(Fig. 4f), some cavities in the coating at the topographi-
cal minimum are detected. All samples display a seamless 
interface between coating and substrate (insets of Fig. 4 b, 
d and f).
3.2  Frictional Behavior
The temporal evolution of the coeﬃcient of friction is shown 
in Fig. 5. In the short-term tests (a), the COF of the uncoated 
samples (both, unstructured and structured) increases within 
the first 1000 cycles, finally reaching a steady state COF 
close to 0.9. This value is quite high for this tribological 
pair and could be related to a continuous growth of an oxide 
layer. Thus, the initially present higher surface oxidation of 
the laser-textured surfaces seems to play a minor role for the 
running in process of the uncoated surfaces. When observ-
ing the behavior of the coated samples, the diﬀerence in 
friction is quite significant. The unstructured, coated sample 
shows a significantly lower COF than the uncoated samples 
with an irregular evolution of the COF. This instability is 
related to the re-accommodation of solid lubricant with each 
rotating cycle, in which the CNTs are driven inhomogene-
ously towards the direct contact area. However, their lubrica-
tion capacity is still active during these cycles. Regarding 
the CNT-coated laser structures, both show a stable COF 
throughout the first 2000 cycles, with values around 0.2. 
Again, the stability in this case is related to how the CNTs 
are brought into contact during the test. This proves the 
reservoir-eﬀect generated by the depressions storing and 
sequentially releasing lubricant.
If the focus is then placed on the long-term behavior of 
the surfaces, the analysis for the uncoated samples becomes 
inconsequential, since they have already reached their steady 
state at lower cycles. Hence, the long-term analysis only 
refers to the CNT-containing systems, which is shown in 
Fig. 5b.
After an initial slight drop, the Ref/CNT sample shows 
a continuous increase in COF until reaching steady state 
after approximately 45,000 cycles. It is noticeable that the 
COF standard deviation of this sample, which is already 
pronounced at the beginning, increases considerably from 
approx. 7000 cycles. This can be justified by the fact that 
individual measurements show an early or late sharp 
increase in COF and ultimately reach reference conditions 
earlier or later than the mean value. All individual measure-
ments show this rapid increase between 7000 and almost 
26,000 cycles. Furthermore, it can be observed that the 
curve shows several drops during the ascent, which might 
be correlated to fluctuations in concentration of CNT within 
the direct tribological contact area.
In the case of the structured and coated samples, both 
present an unexpected and counterintuitive development of 
the COF. The COF value of 3 µm/CNT surpasses that of 
1 µm/CNT after about 3400 cycles. Contrary to the sample 
Ref/CNT, there are no leaps during the rise of the COF. 
The COF of the 3 µm/CNT sample continuously grows until 
the reference steady state COF value is reached at approx. 
50,000 cycles, similar to the Ref/CNT sample. In contrast, 
the curve of 1 µm/CNT excels by a stable curve with a low 
COF and very low standard deviation. The standard devia-
tion becomes significant only after about 40,000 cycles. Pos-
sible causes for this could be a degradation of the CNTs or 
their removal from tribological contact [45].
The considerably earlier increase in the COF of the sam-
ple 3 µm/CNT can be related to several causes. On one hand, 
the surface structures, characterized in Figs. 1 and 4, show a 
steeper profile of the structural flanks with increasing depth 
(17 ± 3° and 22 ± 2° for 1 and 3 µm, respectively). As the 
lubrication mechanisms of the CNT coated laser structures 
were described to be based on compression and elastic res-
toration of the CNTs in the depressions in Reinert et al. [45], 
this eﬀect might not be as pronounced for the 3 µm deep 
structures. Steeper profile flanks and also cavities within the 
CNT coating (see Fig. 4 f) are associated with a reduced 
elastic restoration eﬀect, compared to the 1 µm deep struc-
ture thus making it more diﬃcult to draw the CNTs from the 
structural cavities into tribological contact [45]. This means 
that the lubrication eﬀect is lost at an early stage despite still 
having filled lubricant reservoirs available. Furthermore, the 
structures of this sample type are not completely filled to 
the level of the supporting surface with CNTs (see Fig. 4 
e–f). During the first cycle of the  Al2O3 counterpart, the 
CNTs are pressed into the cavities and thus the initial cavi-
ties are reduced. This further prevents the elastic restoration 
of CNTs after the alumina ball has passed. As a result, CNTs 
cannot further be removed from the depressions by adhesion 
to the ball during the following cycle of the counterpart. For 
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this reason, the CNTs gradually disappear from the contact 
zone and direct contact between the substrate and counter-
part occurs, causing the COF to rise and tend to the reference 
value. In addition, the larger number and height of oxidized 
material pilings at the edges of the cavities can also play a 
pivotal role. The high profile deposits (as observed in Fig. 1 
Fig. 4  Electron micrographs of the resulting EPD coatings for a 
coated reference, c 1  µm deep structure and e 3  µm deep structure. 
The images (b, d and f) show SEM/FIB cross sections of the corre-
sponding coatings. The insets show a detailed view of the interfaces 
between the coating and the substrate for each case. (Color figure 
online)
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e–f) could be plastically deformed during the first passes, 
consequently leading to a partial hindering of a further 
lubricant supply. This eﬀect could be fortified by premature 
abrasion of these asperities and the associated generation of 
oxidic wear particles, which could be stored on top of the 
CNTs in the depressions, hindering an eﬃcient lubricant 
supply and additionally increasing the abrasive component 
of the tribological system.
Figure 5b further shows that the sample type 1 µm/CNT 
does not reach the steady state value of the reference sam-
ple (on average) until 110,000 cycles have been completed. 
The stepwise increments in the averaged COF curve and 
the large standard deviation result from the diﬀerent points 
in time at which the tested samples experience a sudden 
increase from a very low COF to the reference steady state 
COF value. Possible causes for this observation are similar 
to the two other coated sample types (Ref/CNT and 3 µm/
CNT), a degradation of the CNTs as well as the removal of 
the CNTs from the tribological contact. Due to wear, the 
laser-generated surface structures are completely removed 
after a certain time, so that there are no more lubricant res-
ervoirs that could supply the contact with CNTs. All coated 
substrates show a similar lubricating eﬀect as that reported 
in [45]. During tribological stress, the CNTs have large areas 
available on which they can roll/slide between the substrate 
and counterbody and thus reduce the COF before they are 
pressed into the nearest structural depression. When com-
pared to the uncoated reference state, a significant COF 
reduction for the Ref/CNT is observed (factor of 4.5). With 
the degree of frictional reduction for the structured samples 
being even more pronounced (factor of 6), the lubrication 
lifetime of the 1 µm/CNT sample is prolonged (factor of 9).
3.3  Wear Track and Tribo-Chemical Analysis
In order to investigate the underlying lubrication mechanism, 
the structural state of the CNTs has to be examined. For this 
purpose, Raman spectroscopy analysis of the CNTs at both, 
the inside and outside of the wear tracks, is performed and 
compared to the spectra which were obtained by measuring 
pure CNT powder before the EPD coating process (black 
curve in the following figures). Despite the structural integ-
rity analysis of the particles, also a tribo-chemical charac-
terization is performed, focusing on the presence of oxides 
in the wear tracks. Raman analysis of the wear tracks was 
performed for all coated samples after 18,000 cycles and 
after reaching the reference steady state friction coeﬃcient 
(end of lubrication lifetime). In this way, failure mechanisms 
can be accurately evaluated.
3.3.1  Ref/CNT Sample
For the sample type Ref/CNT after 18,000 cycles, the typi-
cal Raman bands of CNTs are observed in all measurement 
points (Fig. 6a). The measurements of the pure CNT powder 
(Fig. 6a, Ref spectrum) confirm the typical literature values 
for the D, G and G’ bands [55, 56]. The D-peak of the stud-
ied MWCNTs is placed at a wavenumber of 1350.4 cm−1, 
the G-peak at 1582.1 cm−1, and the G’-peak at 2696.1 cm−1. 
Furthermore, two additional peaks with low intensities can 
be identified immediately before and after the G’ peak. The 
peak at 2450 cm−1 corresponds to a non-dispersive phonon 
mode [57] and that at a wavenumber of approx. 2900 cm−1 
is due to a harmonic of the LO mode [58]. However, since 
these two resonances do not provide quantifiable information 
Fig. 5  a Short-term evolution of the coeﬃcient of friction for the uncoated and coated samples. b Long-term development of the coeﬃcient of 
friction for the coated samples. The shaded areas correspond to the standard deviation of the measurements. (Color figure online)
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on the structural condition of the CNTs, they are neglected 
in the following for the interpretation of the tribochemis-
try. In contrast to that, the intensity ratio of the D- and the 
G-band  (ID/IG) can be correlated to the defect index and thus, 
the crystalline domain size [56].
Interestingly, even at the center of the wear track (posi-
tion of maximum contact pressure) CNTs with moderate 
 ID/IG values are detected and only weak oxide peaks are 
recorded at 660 cm−1 (convolution of FeO,  Fe3O4 and 
 Fe2O3 vibrational modes) [59–61]. However, from posi-
tion 2 inwards, the G-band is already shifted noticeably to 
higher wavenumbers (approx. 1600 cm−1), as can be seen 
in Table 1. The aforementioned shift of the G-band was 
part of past investigations by Ferrari and Robertson [49], 
which subdivide the structural changes of graphitic mate-
rials into a phenomenological three-stage model. Depend-
ing on the position of the G-peak  (XCG) and based on the 
defect index  (ID/IG), the model describes the transition 
Fig. 6  Electron micrograph of a section of the wear track and Raman spectra acquired at specific sites after a 18,000 cycles and b after reaching 
the reference steady state friction coeﬃcient (24,400 cycles). (Color figure online)
Table 1  Structural assessment 
of the CNTs at diﬀerent stages 
of the tribological test
After 18,000 cycles After reaching steady state reference COF
Sample ID/IG XCG Sample ID/IG XCG
Ref 0.55 1582.1 Ref 0.55 1582.1
Ref/CNT 1 0.70 1583.1 Ref/CNT (24.4 k 
cycles)
1 0.56 1582.1
2 1.12 1599.4 2 0.71 1582.1
3 1.32 1594.0 3 1.18 1600.6
4 1.02 1603.8 4 1.06 1598.4
5 0.89 1603.8 5 1.03 1600.6
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from a graphitic structure via nanocrystalline graphite to 
disordered carbon (mainly  sp3-hybridized). Since CNTs 
at their initial state are basically a highly crystalline gra-
phitic modification, this model is suitable to track the 
structural integrity of the MWCNTs.
With the G-band upshifting and the increased defect 
index of over 1 (CNT reference: 0.55), a structural tran-
sition of the CNTs towards nanocrystalline graphite is 
established. The sharp increase in COF from 14,700 
cycles onwards (0.71 after 18,000 cycles) is likely due to 
the failure of lubrication by the CNTs. With lubrication 
failing but nanocrystalline graphite being still present in 
the wear track, the lubrication mechanism of CNT seems 
not to be based on a pure graphite type lubrication - the 
shearing-off of individual graphene layers - but can be 
attributed also to an efficient separation of the surfaces 
and complex motions (sliding/rolling) of the CNTs. The 
degradation of the CNTs and thus lubrication failure is 
strongly related to the contact pressure gradient towards 
the center of the track. Consequently, a tribologically-
induced oxide layer is formed with Raman peaks being 
observed at 225 cm−1 (α-Fe2O3 band), at 270 cm−1 (con-
volution of α-Fe2O3 and  Cr2O3), at 380 cm−1 ((Fe, Cr)O3 
band) and finally at 660 cm−1 [59–61]. The oxide forma-
tion results from local heating derived from high contact 
pressures. This layer can be further disrupted, forming 
oxidic abrasive third bodies.
Figure 6b shows a wear track overview and the Raman 
spectra of the characteristic points in and around the wear 
track of the sample Ref/CNT after reaching steady state 
reference COF at 24,400 cycles. The general statement of 
this evaluation is similar to the analysis of the wear track 
after 18 000 cycles. However, the Raman spectra acquired 
in the interior region (measurement points 3–5) present 
even more significant changes. First, the formation of 
oxides is increasing towards the center of the wear track. 
In agreement with this observation, a steady decrease in 
the intensity of the CNT peaks and the increasing values 
of the defect index  (ID/IG) show a further cumulative deg-
radation of the CNTs towards the center of the wear track 
compared to the situation after 18,000 cycles. Moreover, 
the G’-band vanishes from the outer edge of the central 
wear track (position 4). In addition, a noticeable shift 
in the G-peak position up to a wavenumber of approx. 
1600 cm−1 can be observed (Table 1).
It is thus evident that the CNTs are no longer (in suf-
ficient quantity) in tribological contact, which means 
that they can no longer fulfill their function as spacers 
between the substrate and the counterpart. Thus, direct 
tribological contact of the two surfaces with a subsequent 
oxide formation occurs and lubrication vanishes.
3.3.2  1 µm/CNT Sample
The evaluation of the wear track of the 1 µm/CNT sample 
after 18,000 cycles is illustrated in Fig. 7a.
Contrary to what would be expected after a significant 
amount of cycles, no oxides can be detected in the entirety 
of the wear track. Even in the center of the track, CNTs can 
be detected in both, the topography maximum (2) and mini-
mum (3, 4) of the laser structures. Accordingly and as the 
surfaces were already slightly oxidized in their initial state 
due to laser structuring, the acquisition depth of the Raman 
characterization can also be listed as a possible cause for 
the absence of oxidic resonances. However, a closer exami-
nation of the characteristic CNT peak positions and their 
intensity ratios (as listed in Table 2) in the spectra from the 
center of the wear track (2–4) reveals a structural degrada-
tion of the CNTs - similar to that on the Ref/CNT sample. 
The defect index has similarly high values (≥ 1) as Ref/CNT. 
The G-band upshift (approximately 1600 cm−1) also indi-
cates a structural state similar to nanocrystalline graphite.
Yet, after 18,000 cycles, the friction curves of this sam-
ple show a stable low COF (0.14) in the equilibrium state. 
Accordingly, the structural integrity of the CNTs seems to 
play only a minor role in maintaining the lubricating eﬀect. 
Rather, the presence of a suﬃcient quantity of MWCNT in 
tribological contact and its continuous transport from the 
laser-induced lubricant reservoirs to the contact seems to be 
the dominant eﬀect. In addition, the lubrication mechanism 
in the area of damaged CNTs can be based on their rolling/
sliding ability on the one hand, but also on the lubricating 
behavior of graphite on the other hand.
The corresponding Raman evaluation of the sample 
type 1 µm/CNT after reaching steady state reference COF 
(110,000 cycles) is shown in Fig. 7b. As already discussed 
before, only small amounts of oxidic substances are detected 
in the outer area of the wear track (measurement points 1 
and 2). Based on the intensity ratios listed in Table 2, it 
is clear that the defect density of the MWCNTs in these 
ranges is higher than in the CNT initial state. In addition, 
the G-peak positions of the CNTs at both, the topography 
maxima and minima are again upshifted to 1599.5 cm−1 
and 1595.1 cm−1, respectively, indicating a structural deg-
radation [49]. However, it should be noted that the detected 
peaks result from an averaging of all radiated CNTs. This 
means that in the minima, completely unaﬀected CNTs can 
still be stored, which to the moment have not had to bear 
any mechanical load. In the center of the wear track (Fig. 7b 
point 3), on the other hand, the intensity of the oxide peak 
at 670 cm−1 increases and that of the CNT peaks decrease 
significantly. The G’-band is no longer detected.
As already mentioned, the absence of the protective CNT 
layer leads to a tribo-chemical oxidation and the generation 
of third bodies, which results in the observed steep rise in 
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COF. At the bright spots in the center of the track (4), the 
low intensity values are overlaid by a noisy signal typical 
for pure metallic substances. The presence of oxides and the 
characteristic CNT bands at these sites is due to the com-
paratively large laser spot size of the Raman microscope 
(approximately 5 µm).
3.3.3  3 µm/CNT Sample
For the sample 3 µm/CNT after 18,000 cycles, the evalu-
ated Raman spectra evidences CNTs everywhere in the wear 
track area (Fig. 8a), whereby a low intensity oxide peak can 
be detected in the region of the laser-induced structure mini-
mum (4).
This is correlated with initially present surface oxidation 
due to the laser process and wear particles generated by pre-
vious abrasion of the initial, oxidized material pilings. These 
particles can be transported by the sphere into the minima 
positions of the surface structure, as discussed in [45]. Fur-
thermore, the Raman spectrum at position 2 indicates that 
only small signals of the CNT bands are still acquired on 
the substrate within the wear track (Fig. 8a). In combination 
Fig. 7  1 µm/CNT sample after a 18,000 cycles and b after reaching the reference steady state friction coeﬃcient (110,000 cycles). (Color figure 
online)
Table 2  Structural assessment 
of the CNTs at diﬀerent stages 
of the tribological test
After 18,000 cycles After reaching steady state reference COF
Sample ID/IG XCG Sample ID/IG XCG
Ref 0.55 1582.1 Ref 0.55 1582.1
1 µm /CNT 1 1.08 1583.1 1 µm /CNT (110 k 
cycles)
1 1.30 1599.5
2 0.93 1605.9 2 1.29 1595.1
3 1.23 1600.5 3 1.23 1591.9
4 0.99 1603.8 4 1.04 1600.8
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with the observed signal noise, it can be confirmed that in 
this sample type there is direct contact between the surfaces 
of the contact partners after only 18,000 cycles, which leads 
to an increase in friction and wear. The increase in COF 
(0.43), which has already occurred, confirms this observa-
tion. As with the other two coated samples, damage to the 
CNTs is observed to have already occurred on the basis of 
the values listed in Table 3.
The lack of lubricant in contact and the inadequate con-
tinuous feed into contact are the main factors aﬀecting the 
lubrication process. Although small amounts of CNTs can 
be brought into contact, this is not enough to eﬀectively 
separate the contacting surfaces from each other and hence, 
contribute to a continuous reduction of friction.
The Raman spectra of the characteristic areas of the wear 
track after reaching the steady state COF of the reference 
at 57,000 cycles are shown in Fig. 8b. Barely modified CNTs 
which were pulled out of the contact are observed only in 
the outer area (1) with only a small oxide peak at 670 cm−1 
(see also Table 3). In contrast to the sample 1 µm/CNT, 
even the laser-induced minima in the outer area of the 
track show a pronounced oxide peak and a G-peak shifted 
Fig. 8  3 µm/CNT sample after a 18,000 cycles and b after reaching the reference steady state friction coeﬃcient (57,000 cycles). (Color figure 
online)
Table 3  Structural assessment 
of the CNTs at diﬀerent stages 
of the tribological test
After 18,000 cycles After reaching steady state reference COF
Sample ID/IG XCG Sample ID/IG XCG
Ref 0.55 1582.1 Ref 0.55 1582.1
3 µm /CNT 1 1.22 1590.7 3 µm /CNT (57 k 
cycles)
1 0.79 1582.1
2 0.91 1613.5 2 1.31 1604.2
3 1.08 1592.9 3 1.20 1606.5
4 0.80 1602.7 4 – –
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to 1604.2 cm−1. According to [49], such a wide upshifting 
of the G-peak beyond a wavenumber of 1600 cm−1 is not 
expected. This can be justified by the spectral resolution of 
the Raman microscope used (1.2 cm−1) in combination with 
inaccuracies with the profile (Lorentz) fitting. Along with an 
increased defect density of 1.31 and the absence of the G’ 
peak, it can be assumed that the CNTs are indeed degraded 
and again, transitioned into nanocrystalline graphite. At the 
same time, the largest shift of the G-peak (1606.5 cm−1) can 
be seen there, whereas in the measuring range of point 4, this 
is no longer observed at all.
These findings confirm the assumptions made that there 
are no more noticeable amounts of CNTs in the entire wear 
track and that they disappear as the test evolves.
4  Conclusions
In the present study, a systematic evaluation of the influence 
of surface structure design on the solid lubrication eﬀect 
of multi-walled carbon nanotubes (MWCNT) coated steel 
surfaces is provided. An eﬃcient lubrication is achieved for 
all MWCNT coated surfaces with a maximum sixfold fric-
tional reduction compared to the steel reference and friction 
coeﬃcients as low as 0.14. In case of the cross-like surface 
pattern with a structural depth of 1 µm, a nine-fold extension 
of the lubrication lifetime compared to the MWCNT coated, 
unstructured sample is observed. However, and in contrast to 
what would be expected, it is shown that deeper structures 
(3 µm structural depth) with larger lubricant storage volume 
do not lead to an extended lubrication lifetime and behave 
almost equally to the coated unstructured surfaces. This can 
be attributed, among other things, to the formation of high 
profile deposits at the edges of the surface depressions due 
to displaced molten material and material re-depositioning 
as well as a higher slope steepness of the structures, which 
prevent eﬃcient lubricant supply into the contact. The lubri-
cation of MWCNT coatings is found to be based on the high 
aspect ratio of MWCNT allowing them to be dragged into 
the tribological contact as well as an elastic restoration of 
the coating after compaction during the tribological contact. 
The lubrication mechanism of the CNT is a mixture between 
graphite lubrication and their ability to perform complex 
motions and act as separating layer between the contacting 
surfaces. This study highlights the importance of a carefully 
selected surface design in order to achieve beneficial eﬀects 
with regard to MWCNTs as solid lubricant coatings.
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A B S T R A C T
The present study focuses on investigating the dominant friction and wear mechanisms in case of dry sliding of
carbon nanoparticle reinforced nickel matrix composites under elastic and elasto-plastic contact conditions. For
this purpose, multi-wall carbon nanotubes (CNT), onion-like carbon (OLC) and nanodiamonds (nD) were chosen
to represent a large variety of carbon nanoparticles as they can be systematically distinguished regarding their
carbon hybridization state (sp 2 vs. sp3) as well as their morphology and size (“0D” vs. “1D”). Contact simula-
tions based on the Greenwood-Williamson model are conducted in order to calculate the required contact loads.
Friction and wear analysis is supported by complementary characterization techniques, including scanning
electron microscopy, transmission electron microscopy, energy dispersive spectroscopy, Raman spectroscopy,
light microscopy as well as laser scanning microscopy. It is found, that only CNT provide eﬃcient lubrication as
reinforcement phase in composites, presenting diﬀerent lubrication mechanisms for the tested contact condi-
tions. The high aspect ratio of CNT is found to be essential for the lubrication mechanisms, allowing the particles
to be dragged into the direct tribological contact. The lubrication eﬀect increases with increasing volume content
of CNT, reaching a maximum steady state frictional reduction of 50% compared to the unreinforced nickel
reference.
1. Introduction
Nowadays, the increasing demand for lower energy consumption in
nearly every technical application sets the need for the tribological
optimization of various technical components, like for example auto-
motive parts such as cylinder liners, piston rings or bearings in pas-
senger cars [1]. One way of approaching these problems is to reduce
friction and wear by lubricating these systems, in most cases with a
suitable liquid lubricant. However, due to their potential impact on the
environment and low evaporation point, there is a trend to replace li-
quid with solid lubricants in certain mechanical systems [2,3]. Also,
problems often arise when a constant oil supply cannot be achieved, a
low oil pressure appears or oil leakage occurs which can lead to cata-
strophic failure of the lubricated system. Thus, new approaches to
create self-lubricating materials, which are insensitive about their at-
mospheric surrounding and external inﬂuences, have to be developed in
order to ﬁt the elevated requirements.
The possibility to tailor the physical and tribological properties of
composite materials by variation of simple process parameters, the
matrix or the reinforcement phase was extensively studied over the last
decades. Beside of other reinforcement materials such as ceramics,
MoS2 or graphite, carbon nanomaterials are very promising reinforce-
ment candidates in composites to increase strength [4–6], hardness
[7–9], electrical and thermal conductivity [8,10,11] thermomechanical
stability [12] and reduce friction and wear [13–17]. This is mainly due
to their outstanding properties and low density compared to other re-
inforcement materials [18–20]. For our work, we focus on three types
of carbon nanoparticles (CNPs), namely multi-wall carbon nanotubes
(CNT) [21] nanodiamonds (ND) [20] and onion-like carbons (OLC)
[22]. CNTs consist of helical hollow cylinders of graphitic carbon (sp 2-
hybridized) having multiple shells and a high aspect ratio (“one-di-
mensional”) [21]. The spherical diamond nanoparticles, named NDs,
show a lattice spacing of 0.21 nm and feature a primary particle dia-
meter of around 5 nm (“zero dimensional”) [20]. NDs can be trans-
formed to OLC by thermal annealing in inert atmosphere or vacuum.
OLCs, which are also known as carbon onions, are multi-shell, gra-
phitic, fullerene nanoparticles (“zero dimensional”) with a typical
spacing of 0.34–0.36 nm between the outer shells [22,23]. We chose
these three particular CNPs as they show either a diﬀerent carbon hy-
bridization state or a diﬀerent particle geometry/size, therefore
https://doi.org/10.1016/j.wear.2018.05.003
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representing a variety of carbon nanoparticles and allowing for a sys-
tematic investigation of the eﬀect of those diﬀerences on the tribolo-
gical properties of the composite material.
In case of CNTs, several works conﬁrm the reduction in friction and/
or wear when used as reinforcement phase in a metal matrix composite
[16,24–27]. However, the tribo-mechanisms of the CNTs within these
composites are still not fully understood. The eﬀects might result from
the inﬂuence of the CNTs on the microstructure of the composite. The
particles could hinder the dislocation movement and therefore reduce
plastic deformation of the surfaces. A higher strength, induced by a
grain reﬁnement eﬀect (pinning eﬀect) is also found to be a reason for a
reduction in friction and wear. Typically, these eﬀects are more pro-
nounced for nanosized materials like for example CNT [28]. Further-
more, CNTs provide the ability to eﬃciently separate the sliding sur-
faces, slide or possibly act as roller bearings [29]. In this context,
Dickrell et al. showed a frictional anisotropy eﬀect of CNT coatings.
Other studies have shown that the CNTs form a carbonaceous layer on
the surface, which shows tribomechanisms similar to those of graphite
[30,31]. Simulations at higher temperatures have shown, that there
might be a pressure induced transformation of CNTs towards graphite
when a pressure of about 1,5 – 2,5 GPa is applied [32]. However re-
search works regarding this topic were conducted under diﬀerent
conditions and using diﬀerent matrix materials, such as Cu, Al, Ni or the
CNTs were applied as coating, for example on a SiO2 substrate
[5,24,27,33]. Thus, these ﬁndings leave it rather unclear how the lu-
brication mechanism in a composite type material reinforced with CNTs
is working.
When it comes to NDs used as reinforcement phase in metal matrix
composites, most of the research refers to a wear reducing eﬀect instead
of a frictional reduction [13,34–36]. A wear reduction can be traced
back to an increased hardness of the composite by grain reﬁnement.
Furthermore, hindering of dislocation movement and also the hard
particles themselves may contribute in a wear reduction of the com-
posites [13,35]. However, NDs can also increase wear. An increased
wear was ascribed to the breaking out of NDs from the matrix and
consequently acting as abrasive third body within the tribological
contact. On the other hand, NDs that are embedded in the matrix ma-
terial could act as spacer between the two sliding surfaces and therefore
prevent direct contact of the asperities [36]. The potential to act as
roller bearing on top of a surface and thus to reduce friction is con-
troversially discussed in literature [13,34].
Considering OLCs, there is yet no available literature, which in-
vestigates their eﬀect as reinforcement phase in a metallic composite
material on the tribological properties. However, there is research
claiming for very beneﬁcial tribological properties of OLCs. Because of
their polyhedral form and also their high mechanical strength, it is
reasonable to assume that they might act as a roller bearings in a tri-
bological contact [18]. Furthermore, as the curvature of OLCs is smaller
compared to CNTs, it is supposed that they show less intermolecular
interactions to other materials and thus being able to freely move on
top of a surface [37,38]. Research in this ﬁeld has been conducted by
Hirata et al. [39], showing that on a silicon wafer, a very low friction
coeﬃcient lower than 0.05 can be achieved and also wear can be sig-
niﬁcantly reduced by 3–6 orders of magnitude compared to using
graphite as lubricant. Also, in contrast to a lubrication using graphite,
the lubrication eﬀect by OLCs is not aﬀected using vacuum conditions.
However, there is a change in the eﬀect as a function of the surface
roughness, as the particles can be trapped within the asperities and
therefore no longer provide a lubricating eﬀect as they are not in direct
contact in between the surfaces anymore [39]. Furthermore, simula-
tions show a dependence of the lubrication eﬀect of the OLCs from the
applied contact pressure. If the pressure exceeds a value of 5 GPa (in
case of two contacting DLC coated surfaces, that are lubricated by OLC),
the lubrication eﬀect signiﬁcantly decreases [40].
To sum up, the variation in testing parameters, materials and con-
ditions in literature make it rather diﬃcult to correlate the measured
eﬀects to the underlying friction and/or wear mechanism of carbon
nanoparticles. In the present study, a tribological comparison between
the described three diﬀerent CNPs as reinforcement phase in a nickel
matrix composite is provided for elastic and elasto-plastic contact
conditions under low (4%) and medium (45%) relative humidity. This
is to learn about the acting lubrication mechanisms of the individual
particles in a composite material, which can only be achieved in case of
investigating systematically distinguishable CNPs as reinforcement
phase in the same matrix material and under the same conditions. To
the best of our knowledge, this is the ﬁrst systematic comparison of the
tribological properties of CNTs, OLCs, or NDs in a metal matrix.
A dispersion analysis of these particular CNPs in the composite as
well as a model to control and predict the ﬁnal microstructure after
sintering was published by our work group before [41,42]. Based on
these works, it is possible to produce composite materials reinforced by
these CNPs, which feature the same ﬁnal microstructure and hardness.
Thus, the inﬂuence of the microstructure and hardness on the tribolo-
gical properties could be neglected. Nickel appears to be a suitable
candidate as matrix material for a comparative study, since it only
forms metastable carbides under very speciﬁc conditions, as shown in a
previous study reported by Suarez et al. [43].
In order to test the composites under varying mechanical contact
situations (fully elastic or elasto-plastic), contact mechanics simulations
need to be performed to calculate the corresponding necessary normal
loads. One of the earliest models of elastic asperity contact is that of
Greenwood and Williamson (G-W) [44]. This model uses the solution of
the contact of an elastic hemisphere and a rigid ﬂat plane, otherwise
known as the Hertz contact solution, to stochastically model an entire
contacting surface of asperities with a postulated Gaussian height dis-
tribution. The G-W model also assumes that the asperities do not in-
terfere with adjacent asperities and that the bulk material below the
asperities does not deform. Supplementing the G-W model, many
elasto-plastic asperity models have been devised [45–48]. The G-W
model is a statistical method, and hinges upon obtaining statistical
parameters like the radius of curvature (R), the areal asperity density
(η) and the standard deviation of the surface heights (σ). A way of
ﬁnding these parameters is given by McCool, using the spectral mo-
ments in order to calculate the aforementioned parameters [49]. In case
of fully elastic contact conditions, the G-W model provides suﬃciently
accurate results for most of the engineering tasks and has gained wide
acceptance. However, considering elasto-plastic contact conditions, the
G-W model is not suﬃcient and it has to be extended. The contact
conditions can be assessed by calculating the plasticity index ψ [44,48].
For cases where the plasticity index indicates elasto-plastic contact
conditions, some early contact models have extended the venerable
Greenwood-Williamson (G-W) model; these include, for example, the
Kogut-Etsion (K-E) model [45], the Chang-Etsion-Bogy (CEB) model
[46], or the Zhao-Maietta-Chang (ZMC) model [47]. A more recent
model (that does not depend on limiting assumptions, e.g., material
hardness) is developed by Jackson and Green (J-G model), producing
predictions for contact area, contact force and surface separation
[48,50]. Thus, in the present work, the J-G model is used in order to
simulate the contact conditions in the given tribological system. The
experimental work is done based on these simulations and various
characterization methods are used with respect to the simulated contact
regime.
In this regard, laser-scanning microscopy is used to generate the
surface data on which the contact simulation is based upon.
Furthermore, as a function of the given contact situation, the structural
integrity of the particles is analyzed by Raman spectroscopy.
Additionally, the obtained microstructure, and the resulting mechanical
reinforcement eﬀect are analyzed by scanning electron microscopy
(SEM) and electron backscatter diﬀraction (EBSD). Finally, the gener-
ated wear tracks are analyzed by SEM and energy dispersive X-ray
spectroscopy (EDS) in order to discuss the wear mechanisms as a
function of the contact situation.
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2. Materials and methods
2.1. Materials and manufacturing
Nickel matrix composites reinforced with CNT (Baytubes C150P
from Bayer, purity> 95%, individual particle diameter of 5–20 nm,
length of 2–10 µm), ND (NaBond Technologies Co., purity> 98%, in-
dividual particle diameter 4–8 nm), and nanodiamond-derived OLCs
were produced by hot uniaxial pressing. To synthesize the OLCs, ND
powder was annealed in graphite crucibles (30mm in diameter and
20mm in height) in a vacuum furnace with tungsten heaters (model:
1100–3580-W1, Thermal Technology Inc.) using a heating and cooling
rate of 15 °C/min. The transformation temperature was 1750 °C with a
holding time of 3 h. The chamber pressure was between 10 mPa and
100 mPa.
The particles were blended with the nickel powder (Alfa Aesar, 325
mesh) using a colloidal mixing method, using ethylene glycol as solvent
[41,43]. For the particle dispersion, a shear mixer (Ultra-Turrax T-25 by
IKA) and subsequently an ultrasonic bath (Sonorex Super RK 514 BH by
Bandelin, 860W, 35 kHz) were used for 5 and 20min, respectively.
Afterwards, Ni is added and blended with the dispersed particles
(particle fraction: 5, 10 and 20 vol.-% for each type) in the shear mixer
for another 5min.
As shown in reference [42], the CNP concentration strongly aﬀects
the composites’ microstructure if near-full densiﬁcation (> 98%) is
achieved. With the aim of obtaining a simpliﬁed system, the sintering
parameters were chosen so as to avoid diﬀerences in the microstructure
of the matrix, irrespective of the type and amount of CNP [42].
Nonetheless, the parameters are suﬃcient to achieve a good densiﬁ-
cation of the composite (at least 92%). Hence, the inﬂuence of the
microstructure could be neglected when tribologically comparing the
diﬀerent composites.
The blends were pre-compacted in steel dies (diameter: 8 mm) with
a pressure of 990MPa. Then, the pellets are densiﬁed in a hot uniaxial
press (with Al2O3 pistons) with an applied pressure of 264MPa, tem-
perature of 700 °C, a heating and cooling rate of 20 °C/min and a
holding time of 2.5 h.
After densiﬁcation, all samples were ground under water rinsing
with successive sandpaper grit sizes of 320, 600, 1000, 2500 grit and
then polished in a three-stage process using diamond polishing sus-
pensions in the steps 6 µm, 3 µm and ﬁnally 1 µm.
2.2. Numerical modeling
Before tribological testing of the samples commences, it is desirable
to estimate the contact conditions occurring under static loading. It is
important to know whether the contact is fully elastic or elasto-plastic
as it might inﬂuence the lubrication mechanism of the CNP. Therefore,
it is important to determine which normal forces are needed for the
given tribological system in order to provide reasonable contact situa-
tions. In order to ﬁnd the statistical parameters for the simulation, real
surface data had been obtained by laser scanning microscopy (LEXT
OLS4100 by Olympus) with a lateral resolution of 120 nm and a height
resolution of 10 nm using a 50× objective. For the simulation, the
surface data of the unreinforced composite and the counterpart, con-
sisting of an Al2O3 ball with a diameter of 6mm, are used. To ﬁnd the
corresponding statistical surface parameters, the spectral moments can
be employed:
∑= =m N z1 ( )nN n0 1 2 (1)
∑= ⎛⎝ ⎞⎠=m N dzdx1 nN n2 1 2 (2)
∑ ⎜ ⎟= ⎛⎝ ⎞⎠=m N d zdx1 nN n4 1 2 2 2 (3)
where N is the total number of data points on a surface and z is the
distance from the mean height of the surface to the asperity peak. The
derivatives are calculated by a central ﬁnite diﬀerence scheme. In this
work, both surfaces exhibit non-isotropic roughness and thus they are
meshed into 2-D individual rows and columns. Along each of these
directions, moments are averaged arithmetically (m0) and harmonically
(m2 & m4) in principal directions deﬁned by where m2 is maximum and
minimum. The following procedure is then used:
1. Find one set of two orthogonal directions which give m2(min) and
m2(max). Ignore all other values and directions. Calculate m2 by
harmonic mean from m2(min) and m2(max).
2. In that speciﬁc directions set above, calculate m4(1) and m4(2) (re-
gardless of whether they are maximum or minimum). Calculate m4
by harmonic mean from m4(1) and m4(2).
3. In that speciﬁc directions set above, calculate m0(1) and m0(2) (re-
gardless of whether they are maximum or minimum). Calculate m0
by arithmetic mean from m0(1) and m0(2).
The radius of curvature, R, the areal asperity density, η, and the root
mean square, σ, are then calculated according to the work by McCool
[49] using spectral moments obtained from the above procedure:=σ m0 (4)
⎜ ⎟ ⎜ ⎟= ⎛⎝ ⎞⎠∙⎛⎝ ⎞⎠η mm π16 342 (5)
⎜ ⎟= ∙⎛⎝ ⎞⎠R πm0.375 4
0.5
(6)
In addition, the standard deviation of the summit heights, σs, and
the separation between the mean of the surface and summit surfaces, ys,
and the bandwidth parameter, α, are also calculated based upon:
= ∙α m m
m
0 4
2
2 (7)
= ⎛⎝ − ⎞⎠∙σ α m1 0.8968s2 0 (8)
= ∙ ∙y mπ α4s 0 (9)
The model used is shown in Fig. 1. The model depicts an Al2O3
hemisphere that is brought into contact with a composite (CNT re-
inforced nickel) substrate. The surfaces, which have non-isotropic
roughness, are set in a non-conformal contact. The contact is assumed
to deform elasto-plastically, where bulk deformation is included.
The procedure for obtaining the clearance, h0 (see Fig. 1b), and the
ﬁnal bulk deformation is outlined below:
I. Get the bulk deformation δ caused by the load, P, according to:
(a) Obtain the critical load Pc that causes the onset of plasticity
based on Green [51] (see Eq. 12 there);
(b) If P < Pc use the Hertzian contact solution for the bulk de-
formation in a “pure” elastic state [52];
(c) If P > Pc use the solution for the bulk deformation from [53]
(see Fig. 5 there), and obtain the contact area from [56];
(d) superimpose the bulk deformation to the geometry of the
sphere (see step IV below).
II. Get the nominal pressure (p) and the real contact area (Ar) as a
function of separation (h), as if the surfaces are both ﬂat (con-
formal).
III. Make p and Ar functions of that separation, h.
IV. Assume (or “guess”) a clearance h0 and form a function h = h(r)
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that includes the bulk deformation.
V. Integrate (i.e., sum) p and Ar over “rings” at r with a diﬀerential
width Δr to obtain the load P as a function of clearance h0, and plot
those results.
VI. Find that clearance h0 that corresponds to the applied experimental
load P (.1 or 8 N).
VII. For that clearance, calculate the real area of contact (post proces-
sing).
2.3. Characterization methods
2.3.1. Tribological characterization
The tribological experiments are performed with two ball-on-disc
tribometers (a nano and a microtribometer from CSM instruments).
This allows to measure under signiﬁcantly diﬀerent loads and en-
vironmental conditions. In both cases the static counterpart consisted of
an Al2O3 ball with a diameter of 6mm (roughness Ra = 22 ± 7 nm).
The test parameters for both tribometers are summarized in Table 1.
The choice of two diﬀerent tribometers (working under diﬀerent
normal loads) is made according to the calculated contact conditions,
which should be elastic and elasto-plastic (see Section 3.1). Further-
more, the nanotribometer allows the systematic investigation of the
lubrication activity at very low room humidity. Speciﬁcally, in the case
of a full degradation of the CNPs towards graphite, it is expected that
the lubricity will be severely hindered as a consequence of the shortage
of water molecules that enhance the lubrication mechanism in graphite
[54–56]. Thus, the reason for choosing two diﬀerent relative humidities
is to evaluate the lubrication behavior actively avoiding or allowing for
a graphitic lubrication. All individual measurements have been re-
peated three times for statistical back-up. Consequently, the mean value
including standard deviation is plotted for every investigated case.
Al2O3 was selected as counterpart material because of its chemical in-
ertness, low adhesion to the metallic matrix (compared to a metallic
counterpart) and a much higher hardness compared to the composites.
Due to these facts, wear of the alumina ball can be neglected and the
focus can be put on the wear analysis of the composites.
2.3.2. Nanoparticle characterization
The structural state of the particles is surveyed by Raman spectro-
scopy. The data is acquired using an inVia Raman microscope
(Renishaw) with an excitation wavelength of 532 nm (2.33 eV), a
grating with 2400 lines per mm, a 50× -objective (numerical aperture:
0.9), a spectral resolution of 1.2 1/cm, and a laser power of 0.2 mW.
Visible excitation wavelengths in Raman spectroscopy are more sensi-
tive (50–230 times for graphite and amorphous carbon, respectively) to
coupled modes induced by sp2-carbon atoms than for sp3 [57,58]. Thus,
NDs (sp3-hybridization) Raman signal is weaker and might not be de-
tected for the initial state. However, if a transformation of ND towards
graphitic structures occurs, this could be easily observed as a con-
sequence of the appearance of the sp2 characteristic D and G bands. All
Raman spectra were recorded three times with an acquisition time of
10 s to eliminate cosmic rays and to improve the signal-to-noise ratio.
Additionally, a linear baseline subtraction and intensity normalization
were performed for all spectra. To identify peak positions of the data,
ﬁtting with Lorentz functions was performed for all data [59]. The
distribution of the particles in the matrix was analyzed using a light
microscope (BX 60, Olympus).
2.3.3. Microstructural characterization
The mean grain size of the matrix after sintering determined by
EBSD with an EDAX TSL detector incorporated in the dual beam mi-
croscope. The scanned area is of 250× 250 µm2 applying an accel-
erating voltage of 20 kV, a current of 22 nA, and a step size of 0.3 µm.
For the analysis, a grain is deﬁned as at least two adjacent points with a
maximum misorientation of 5°, beyond which a grain boundary is de-
termined. The acquired raw data was post-processed using conﬁdence
index (CI) standardization, followed by the removal of points with CI
below 0.1. The grains intersecting the scan window were excluded from
the analysis.
2.3.4. Wear track and surface roughness analysis
Before the tribological measurements, the surface roughness is de-
termined for each sample using the laser scanning microscope. After the
experiments, the wear tracks are analyzed using a dual beam focused
ion beam/ﬁeld emission scanning electron microscopy (FIB/FE-SEM)
workstation (FEI Helios NanoLab 600) with a voltage of 5 kV and 1.4 nA
of current. Finally, also energy dispersive X-ray spectroscopy (EDS) is
performed for the wear tracks using a voltage of 5 kV and a current of
22 nA. The analysis of the sub-surface is performed on a transmission
electron microscope (TEM) JEOL JEM 2010 working at 200 kV.
Fig. 1. (a) Schematic of contact between a rough hemisphere against a rough composite surface. (b) Contact model between an equivalent nominally ﬂat rough
surface against a smooth hemispherical-shaped counterpart.
Table 1
Test parameters of the tribological experiments.
Test load [N] Maximum speed [mm/s] Stroke length [mm] Temperature [°C] Humidity [%] Sliding distance [m] Mode
Nanotribometer 0.1 1 0.6 25 4 0.72 Linear reciprocating
Microtribometer 8 10 4 25 45 2.4
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Fig. 2. Roughness line proﬁles in the maximum and minimum directions of (a) the composite, (b) the counterpart. All dimensions are in µm. The width shown
corresponds in all cases to 120 µm.
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3. Results and discussion
3.1. Contact mechanics modeling results
The roughness of the composite surface varies greatly in various
radial directions, requiring the three-step special procedure to calculate
the eﬀective moments as detailed in Section 2.2. The surfaces roughness
is digitized by a resolution of 0.125 µm. Fig. 2a shows the roughness of
the composite while Fig. 2b shows the roughness of the ball in the
corresponding m2(min) and m2(max) directions.
By the procedure outlined above and using Eqs. (1–9), the de-
scriptive values of the surfaces are obtained. Following the deﬁnition
given by Greenwood and Williamson [44] the plasticity index is:
= ⎛⎝ ′⎞⎠∙ =ψ EH σR 8.8 (10)
That value indicates that surface asperities would clearly undergo
plastic deformation. The next step is to determine whether the bulk
remains elastic (see step I above). Using Hertzian theory as outlined by
Johnson [60], the bulk deformation is shown in Fig. 3. The solution is
obtained piecewise with the vertical line marking the radial position
where to the left of it there is complete contact between the surfaces,
while to the right the ball and the composite are separated. [Note that
rough surfaces contact still takes place throughout, i.e., in both re-
gions].
The maximum deformation under the action of the load of 0.1 N is
at the origin giving δ=46 nm, whereas the critical value at the onset of
plasticity is 152 nm [60]. Likewise, the critical value of the load that
would cause plasticity in the bulk is 0.6 N (using [51]). Evidently, for
that load the bulk deforms entirely elastically, whereas the asperities
will deform in the elasto-plastic regime (because the plasticity index is
8.8). This fulﬁlls step I above. Now the Jackson-Green (J-G) model
[50,61] is employed for the elasto-plastic asperity contact. The results
are shown in Fig. 4 a & b (the Greenwood-Williamson (G-W) and the
corrected Kogut-Etsion (K-E) models are shown for reference only). This
is in accordance with steps II and III above.
Steps IV and V above are subsequently performed. For brevity de-
tails are omitted but the outcome is shown in Fig. 5. Then, in step VI,
the particular clearance h0 that corresponds to the applied experimental
load is found. Hence, entering Fig. 5 with a load of 0.1 N, the clearance
is found to be h0 = 41 nm. Superimposing the asperities deformation
along with the bulk deformation (attributing the entire latter de-
formation to the ball) gives the ﬁnal ﬂattened shape of the ball shown
in Fig. 6a, while the pressure distribution at the contact is shown in
Fig. 6b. It is evident that also the pressure distribution is ﬂattened
(compared to the Hertzian parabolic shape), where it is nearly constant
in the full contact region, but it drops outside of that region.
The real area of contact is now ﬁnally evaluated in the two regions
using the J-G model (with the information given in Fig. 3). In the region
where the ball bulk is in contact with the composite (that is in the range
0 < r < a0 = 11.74 µm, where a0 is identiﬁed by the vertical lines in
Figs. 3 and 6) the real contact area is 3.67× 10–11 m2, and the aspe-
rities contact outside that region (where r > a0 = 11.74 nm) result in a
contact area of 5.57× 10–11 m2. The total real contact area is the sum of
these, giving 9.25× 10–11 m2.
For the case when the load is 8 N, it is apparent from Fig. 5 that a
negative value would be anticipated for h0. That indicates that the
contact is heavily loaded making rough surfaces analysis moot. In this
case, it can be assumed that all asperities have been heavily and se-
verely (plastically) deformed and the entire contact degenerates into a
single elastoplastic spherical contact. The J-G model [50,61] is readily
used to estimate the contact parameters. First the normalized load is
calculated P*= P/Pc, where Pc had already been obtained previously
(Pc = 0.6 N). Using the load of 8 N, gives P* =8/0.6=13.3. Reverse-
solving for the normalized interference (from J-G [50,61]), gives a non-
dimensional interference ω *= 6. It is now straightforward to calculate
the real area of contact from the said reference, where ﬁrst the non-
dimensional value is calculated, A*= A/Ac =7.15. Then, the critical
area of contact is calculated, Ac =1.43× 10−9 m2, to ﬁnally obtain the
Fig. 3. Substrate deformation under a load of 0.1 N. The vertical line separates
complete contact (left) and non-contact (right).
Fig. 4. (a) eﬀective pressure p divided by reduced modulus E′ vs. the clearance, and (b) Contact area ratio vs. the clearance.
Fig. 5. Contact load as a function of the clearance h0 between the contact pair.
The arrows indicate both experimental loads investigated in this report.
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real area of contact A=1.02× 10−8 m2. This value is two orders of
magnitude larger than for that of the previous case (when the load is
0.1 N).
Based on these modeling results, the elastic and elasto-plastic con-
tact regime is covered by choosing normal forces of 0.1 and 8 N. The
lower load resides below the calculated critical elastic-plastic transition
load, whereas the higher resides clearly well above it.
3.2. Initial state characterization
After surface preparation, the distribution of the reinforcement
phases was analyzed by light microscopy. In Fig. 7, the distribution of
the CNT agglomerates (dark regions) is shown as a function of the
volume fraction in the composite. Earlier studies have shown, that the
dark regions can directly be assigned to CNT agglomerates [42]. As
expected, the amount of agglomerates is gradually increasing with
higher volume concentration. However, the distribution of the particles
seems to be unaﬀected by the amount of reinforcement phase, thus a
homogeneous distribution of smaller and larger agglomerates within a
constant size range is achieved in all cases. This is also the case for the
composites reinforced with OLC and nD (the depicted micrographs are
representative for all composites).
The surfaces were also evaluated with regards to their initial surface
roughness after preparation by white light interferometry. In Table 2,
the mean values and standard deviation of the surface roughness Ra for
all composites is presented.
The surface roughness of the composites is gradually increasing
with the amount of reinforcement phase even though the surface pre-
paration was the same. In addition, the surface roughness of nD and
OLC reinforced composites is signiﬁcantly higher for 10 and 20 vol.-%
compared to the CNT reinforced composites. For one part, this is a
consequence of the diﬀerent adhesion to a nickel matrix of both carbon
hybridizations studied, where the adhesion of sp2 carbon is higher than
in case of sp3 hybridized carbons [62]. Thus, the nD particles are re-
moved easily from cavities of the surface during the sanding and pol-
ishing process. Naturally, higher particle concentrations result in a
larger amount of cavities exposed to the surface, hence deriving in a
higher resulting surface porosity and accordingly, a higher roughness. A
higher porosity of the samples before surface preparation can be ex-
cluded as the relative densities of all composites are determined and
reach a value of around 92%. Furthermore, CNT composites show lower
surface roughness, as they are more likely to form mechanically inter-
locked agglomerates within the cavities due to their high aspect ratio.
Thus, it is more diﬃcult to remove them during the surface preparation
process, as opposed to both, OLC or nD.
The reference and the composites were further analyzed by EBSD in
order to evaluate the resulting microstructure after densiﬁcation. No
change in the mean grain size or texture was observed as a function of
the diﬀerent particle volume contents or type. The observed behavior
can be explained with the chosen sintering parameters, not allowing the
Fig. 6. (a) Deformation proﬁle of the surface (blue) and the original surface proﬁle (orange). (b) Contact pressure distribution throughout the counterpart radius.
Fig. 7. CNT agglomerates (dark regions) distribution in the nickel matrix composites for a) 5 vol.-%, b) 10 vol.-% and c) 20 vol.-%. The distributions are also
representative of the composites reinforced with OLC or nD.
Table 2
Mean values and standard deviation of the surface roughness from the as-pre-
pared surfaces of the composites with 5, 10 and 20 vol.-% concentrations of
CNT, OLC or nD as reinforcement particles.
Sample Ra (nm)
Unreinforced Ni 2.4 ± 0.1
CNT 5 vol.-% 13.6 ± 2.6
10 vol.-% 19.1 ± 5.5
20 vol.-% 38.6 ± 7.4
OLC 5 vol.-% 14.2 ± 6.0
10 vol.-% 57.6 ± 3.7
20 vol.-% 122.0 ± 39.5
nD 5 vol.-% 9.0 ± 5.5
10 vol.-% 73.1 ± 16.2
20 vol.-% 141.7 ± 19.5
L. Reinert et al. :HDU²²

grains to eﬃciently grow. Thus, the boundary pinning generated by the
particles is marginally developed. This becomes clear when comparing
the mean grain size of the unreinforced nickel of 7 ± 2 µm with the
mean grain size of all the composites of 3 ± 1 µm. Compared to a
previous report, this reduction in mean grain size is not distinctive [42].
3.3. Frictional behavior
In Fig. 8 the measured evolution of the friction coeﬃcients (COF)
for 5, 10 and 20 vol.-% of nD, OLC and CNT are shown for 0.1 N of load
and a relative humidity of 4%. The COF of the reference measurement
increases during the ﬁrst 100 cycles from 0.4 to 0.47 (plotted in Fig. 8 a,
b and c for better clarity). From there on, the COF drops down to 0.39
during the next 500 sliding cycles, ﬁnally reaching steady state. This
behavior is well-known for this contact situation and has been ex-
tensively discussed by Blau et al. [63]. The increasing COF for the ﬁrst
100 cycles is explained with an increasing real contact area due to the
wearing oﬀ of intrinsic asperities and an increment of the indentation
depth of the ball into the substrate. Subsequently, the contact starts to
reach a higher surface conformity and smoothening occurs, leading to a
frictional reduction. The obtained steady-state reference COF of 0.39 is
in agreement with the value reported in the literature [16,64]. Looking
at the frictional behavior of the nD (Fig. 8a) or OLC (Fig. 8b) reinforced
samples, a similar evolution of the COF to that of the reference can be
observed. Considering the given curve dispersion, a change in volume
fraction of both particle types leads to no signiﬁcant change in the COF.
This supports the assumption that the frictional behavior of these
samples is dominated either by the direct contact of the counterpart
with the nickel matrix or a tribologically generated oxide layer. This
could be traced back to the fact that large quantities of the particles
have been removed from the cavities of the surface during the surface
ﬁnishing process. However, the mean COF value of the CNT reinforced
samples (Fig. 8c) clearly decreases as a function of their volume frac-
tion. This is also related to the diﬀerent surface roughness and to the
diﬀerent particle size and morphology. As the roughness of nD and OLC
containing samples highly exceeds the mean particle size of the sphe-
rical particles (4–10 nm), it is highly likely that the particles cannot
separate the two contacting surfaces any longer, thus avoiding an ef-
ﬁcient lubrication activity [39]. It is also likely that the formation of
wear particles larger than the carbon nanoparticles or the formation of
an oxide layer would explain the observed behavior.
In contrast to that, CNT provide a large aspect ratio (diameter of
5–20 nm with a length of 2–10 µm), which enables them to be dragged
inside of the direct tribological contact zone thus lubricating the contact
[30,65]. In previous studies, it was observed, that the tribological be-
havior of the composites is dominated by the presence or absence of
CNT [16]. Thus, it is reasonable, that the COF is decreasing with in-
creasing volume content of CNT. Furthermore, the COF for 20 vol.-% of
CNT is increasing from 0.1 to 0.2 during running in. This could be
explained with the formation of wear particles or oxide layers during
the experiment, hindering CNT in their ability to slide or roll. Fur-
thermore, although the contact pressure is chosen in order to avoid a
structural delamination of the CNT towards graphite, it cannot be ex-
cluded. This is because higher contact pressures could be reached be-
tween individual asperities of the contacting surfaces. In this case, CNT
would change its lubrication mechanism from a sliding or rolling
movement at the beginning (COF = 0.1) to a more graphite like lu-
brication in the steady state regime (COF = 0.2). However, as the re-
lative humidity of the experiment is only 4%, a straight graphitic lu-
brication can be excluded. Considering, that pristine CNT are included
in the matrix material, it appears reasonable, that a mixture of pristine
CNT and delaminated CNT dominates the frictional behavior under
Fig. 8. Evolution of the COF for unreinforced nickel (Ref) and 5, 10 and 20 vol.-% of a) nD, b) OLC and c) CNT in a nickel matrix. The experiments were conducted
using 0.1 N of normal load, a relative humidity of 4% and a temperature of 25 °C.
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steady state conditions. Additionally, a low relative humidity could
slow down the running-in process due to a retarded formation of an
oxide layer, which would explain a lower COF of CNT at the beginning
of the measurement. However, this can be excluded as this eﬀect should
also be observed for all the other sample types, which is not the case.
Therefore, a possible retarded surfaces oxidation could only be asso-
ciated with the CNT particles or triboﬁlm and not the relative humidity.
Raman spectroscopy, SEM and EDS analysis of the according wear
tracks will investigate these assumptions further.
The investigation of the inﬂuence of the particle concentration on
the friction coeﬃcient has shown, that an enhanced lubrication can be
reached with higher volume concentrations (for CNT). Thus, for the
experiments with 8 N of normal load only the samples with 20 vol.-% of
reinforcement phase were measured. In Fig. 9, the evolution of the COF
for the reference and the three particle types is plotted.
For this contact situation, a similar behavior compared to the 0.1 N
load is noticed. In case of the reference, The COF drops from 0.5 to 0.35
during the ﬁrst 40 sliding cycles. After this, it stabilizes to a value of
0.35 and thus reaches steady-state condition. This type of COF
evolution is also already well-known and typical for high contact
pressures on metallic surfaces as reported by Blau et al. [63].
Although showing a slightly diﬀerent run-in process, the OLC or nD
reinforced samples stabilize towards the same COF value as the re-
ference under steady state condition. The slight diﬀerences during the
run-in process might arise from the initially high roughness of the
composites, also resulting in a higher standard deviation. The standard
deviation becomes smaller as soon as the system undergoes the tran-
sition towards steady-state condition, which could be explained with
the removal of the initially present large surface asperities and thus the
reach of surface conformity. No lubrication is observed for both types of
particles. In contrast to the 0.1 N measurements, this cannot be ex-
plained with the absence of particles anymore. In case of higher contact
pressures and a plastic deformation of the material, much higher wear
is expected also revealing particle agglomerates that are encapsulated
in the nickel matrix below the surface. Considering the behavior of the
CNT reinforced samples, a constant lubrication eﬀect is noticeable.
However, the COF is not reaching values below 0.2 as it was observed
for the 0.1 N load measurements. This might be because of a faster
degradation process of the CNT due to a much higher contact pressure
and a quicker running in process due to surface oxidation (which is
promoted by the higher relative humidity) in combination with the
much higher contact pressure. The formation of a lubricating absorbed
water ﬁlm can be excluded, since no lubrication is observed for nD or
OLC reinforced composites. In contrast, lubrication does not vanish for
CNT reinforced composites and is also present under steady state con-
ditions.
3.4. Wear behavior at low load (0.1 N)
In order to achieve a better understanding of the acting tribo-me-
chanisms, the wear-tracks have to be analyzed in more detail. Fig. 10
depicts SEM micrographs of the wear tracks of the reference and of the
samples reinforced with 20 vol.-% of CNP for the 0.1 N load measure-
ments.
The reference clearly shows signs of abrasive wear with plowing
being the dominant wear mechanism (Fig. 10a). A similar behavior is
observed for the nD and OLC reinforced composites (Fig. 10 d and e).
However, in case of the CNT reinforced samples, the wear mechanisms
Fig. 9. Evolution of the COF for unreinforced nickel (Ref) and 20 vol.-% of OLC,
nD and CNT in a nickel matrix. The experiments were conducted using 8 N of
normal load, a relative humidity of 45% and a temperature of 25 °C.
Fig. 10. Wear tracks for 0.1 N of normal load under 4% of relative humidity in case of a) the unreinforced reference and composites reinforced with 20 vol.-% of b)
CNT, d) nD and e) OLC. A surface cavity of the CNT reinforced sample is depicted in c).
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seem to diﬀer (Fig. 10 b). Although a direct contact between the two
surfaces is not fully prohibited by the CNT, only mild wear is occurring.
As already described in the discussion of the friction coeﬃcient, this is
explained with the large aspect ratio of CNT, which enables them to be
dragged inside of the direct tribological contact zone thus reducing the
direct contact of the alumina ball with the nickel matrix. In contrast to
the nD and OLC reinforced samples, CNT agglomerates (dark regions)
can still be observed within the wear track, demonstrating, that less
plastic deformation or oxidation of the surrounding nickel matrix has
occurred. Furthermore, in Fig. 10 c, CNT are found inside the surface
cavities within the direct contact area. In this case, the formed tribo-
layer might consist out of nanocrystalline graphite layers, which were
formed by delamination of CNT as they lubricate the contact. The
oxidation behavior was further analyzed by EDS-mapping of oxygen in
Fig. 11.
The wear track of the unreinforced reference (Fig. 11a) shows large
areas with high oxygen content, which are randomly distributed within
the wear track. This could be explained with the ongoing plowing
mechanism, which stochastically reorders oxides and bare metal. With
the wear mechanism of nD and OLC reinforced samples being similar to
those of the reference, the depicted EDS-map is representative also for
those samples. However, in case of CNT reinforced samples (Fig. 11b),
the EDS-map clearly shows, that the wear track is less oxidized. These
observation correlates well with the wear mechanism, as a stronger
formation of an oxide layer and the development of oxidic wear par-
ticles during the experiment would result in a more pronounced abra-
sive component. Considering the evolution of the COF, the formation of
a more pronounced oxide layer or oxidic wear particles that are em-
bedded in the surface cavities in case of the reference, nD and OLC
reinforced samples leads to the stabilization of the COF, ﬁnally reaching
similar values in the steady state regime. With the CNT-reinforced
samples showing less oxidation and a lower COF, it appears reasonable
that the COF can still be dominated by the CNT instead of oxidic wear
particles.
3.5. Wear behavior at high load (8 N)
Regarding the experiments with higher contact pressure (8 N), a
diﬀerent wear behavior is found, as can be seen in Fig. 12. As for the
measurements with 0.1 N load, plowing can be identiﬁed as dominant
wear mechanism for the reference. A slightly darker color of the wear
track leads to the assumption that an oxide layer has formed during the
experiment, which will be further evaluated by EDS mapping and
Raman spectroscopy in the following sections (Fig. 12a).
The wear track of the CNT reinforced sample in Fig. 12b) is re-
presentative for nD and OLC reinforced samples as well. Beside the
occurrence of abrasive wear, a distinctive formation of cracks all over
the wear track is obvious. When looking at these cracks in more detail
in Fig. 12c), it is found, that the cracks occur within a formed surface
layer, resulting in the formation of independent surface sheets. The
sheets are only loosely attached to the surface as large gaps between the
surface and the sheets are present. Due to the high contact pressures,
the surface layer might form by densiﬁcation of wear particles, Ni and
CNP. This is reasonable, as for the provided high contact pressure and
the resulting wear of the surface, the CNP situated below the initial
surface are brought into the tribological contact region. Finally, they
are mixed with oxidic wear particles and Ni in a stochastic manner, all
being compacted to form the observed surface layer. It can thus be
concluded that, although the frictional behavior of the composites is
obviously diﬀering (see Fig. 9), the wear behavior under high contact
pressure and medium relative humidity can be quite similar. The ex-
planation on the formation of the observed surface sheets will be fur-
ther veriﬁed using EDS mappings and TEM analysis in the following
sections. In Fig. 13, the wear tracks are characterized by EDS-mapping
in order to analyze the oxygen and carbon distribution.
The oxidation behavior of the reference wear track (Fig. 13a) has
not signiﬁcantly changed compared to the 0.1 N measurements. Still,
the plowing mechanism reorders oxides and bare metal in a stochastic
manner. In contrast to that, the formed layer, or individual sheets of the
composite wear tracks show a homogeneous distribution of oxygen all
over the wear track (Fig. 13b). This veriﬁes that the formed sheets in
fact consist of compacted oxidic wear particles. However, also carbon is
homogeneously integrated into the surface sheets. Although the two
originally contacting surfaces obviously cannot be separated anymore
by CNP for high contact pressures (due to the formation of the surface
layer), the lubrication eﬀect is still active for CNT reinforced compo-
sites. Considering the gap between the sheets and the substrate in
Fig. 12c, the cracking of the layer would allow the sheets to freely move
during the tribological contact. Thus, it is reasonable, that the sheets
could be separated from each other and from the substrate by the
homogenously distributed CNP. In fact, a frictional reduction in case of
CNT reinforced composites is observed in Fig. 9, which could be ex-
plained with the larger size and morphology of CNT, compared to nD or
OLC [65]. Due to the large aspect ratio, CNT could be dragged into the
direct tribological contact, providing a sliding and/or rolling movement
or delaminate and form graphitic structures thus lubricating the system
[30].
A material transfer from the composite surface to the alumina ball
Fig. 11. EDS maps of oxygen (marked in the color green),
superimposed with SEM images of the wear tracks for
0.1 N of normal load under 4% of relative humidity in case
of a) the unreinforced reference and b) the composite re-
inforced with 20 vol.-% of CNT. (For interpretation of the
references to color in this ﬁgure legend, the reader is re-
ferred to the web version of this article.)
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has also been noticed for the high contact pressure experiments,
vouching for a low adhesion of the surface sheets to the substrate. Thus,
to extend the understanding of the composition of these sheets, a mi-
crostructural analysis with higher resolution is needed. Fig. 14 shows a
TEM foil obtained from one of the sheets. It is observed that the sheet is
of nanocrystalline nature and is composed of an intermixing of three
diﬀerent phases. It is predominantly composed of NiO, but traces of Ni
and C are detected, verifying the explanations from above. As already
mentioned, it can be interpreted that the ploughing mechanism acts as
driving force for the formation of these multiphase plates. Furthermore,
the high contact pressure applied would severely deform the micro-
structure of the sheet, inducing dynamic recrystallization and strongly
reducing the grain size.
Regarding the carbon signal observed in Fig. 14b, it is not possible
to precisely determine which morphology it would have. However, it
can be unequivocally be related to carbon domains with a graphitic
structure. A hypothesis for the formation of these sheets in case of the
composite samples is the presence of carbon, which could act as a
binder for the formed oxidic wear particles, allowing the formation of
densiﬁed, but cracked sheets. However, an eﬃcient lubrication is only
given for CNT. The conclusion is therefore again fortiﬁed, that because
of their larger size and high aspect ratio, CNT are able to separate the
formed sheets and enable them to slide on each other and on the sub-
strate. As nanocrystalline graphite is present in the sheets of all the CNP
reinforced composites, it seems not to aﬀect the COF signiﬁcantly or the
formed graphite ﬂakes are too small to eﬃciently slide upon each other.
Hence, lubrication is most likely based on sliding and/or rolling of CNT
between the individual sheets.
3.6. Solid lubricant structural integrity assessment
The Raman spectra of the initial state CNP are shown in Fig. 15 and
will be used as reference state in the analysis of the structural integrity
of the solid lubricant.
Fig. 12. Wear tracks for 8 N of normal load under 45% of relative humidity in case of a) the pure Ni reference and b) a composite reinforced with 20 vol.-% of CNT.
The formation of loosely connected sheets on the surface of the wear track is depicted in a higher magniﬁcation in c).
Fig. 13. EDS maps of oxygen (marked in the color green), superimposed with SEM images of the wear tracks for 8 N of normal load under 45% of relative humidity in
case of a) the unreinforced reference and b) the composite reinforced with 20 vol.-% of CNT. In c), an EDS map of the carbon distribution (marked in the color red) of
the wear track of the composite reinforced with 20 vol.-% of CNT is depicted. (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)
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It is observed that all type of particles show a seemingly high
structural quality in their initial state. It is worth noting that the
homogeneity in the features is remarkable, as interpreted from the
small standard deviation bars in the plots of the CNT and OLC particles.
In the nD case, the signal-to-noise ratio is signiﬁcant, as a result from
the measurement of these particles with visible light excitation. Fig. 16
presents the Raman spectra acquired from the wear tracks for each
sample type at diﬀerent test loads and their corresponding relative
humidity.
The reference sample shows the characteristic bands of NiO in both
tested loads (Fig. 16a). Furthermore, the signal corresponding to Al2O3
is a consequence of material transfer from the counterpart during the
experiment. As opposed to the reference case, all particle types show no
detectable oxide peaks in the Raman characterization, likely as a con-
sequence of the strong presence of carbon in the wear track, reducing to
some extent the detection of oxides. However, as shown in the Section
3.4, oxide is indeed present in all cases. In the case of the CNT sample,
there are no pronounced diﬀerences for both loads (Fig. 16b). When
compared to the initial state of the CNTs (shown in Fig. 15a), the de-
gradation is evident from the analysis of the intensity ratios and peak
position, which is in agreement with the observations presented in
Scharf et al. [30]. Speciﬁcally, the initial state CNTs have an ID/IG ratio
of 0.68 and a G peak position of 1585.3 cm−1, which correspond to
CNTs with high degree of crystallinity. On the other hand, the post-test
CNTs present an ID/IG ratio of 0.96 and 1.19 and a G peak position of
1603 and 1595 cm−1, for 100 mN and 8 N respectively. The increment
of the intensity ratio and the upshifting of the G band position vouch for
a degradation of the CNTs [66] during the tribological contact, forming
a lubricating nanocrystalline graphitic tribolayer, as already reported
[30]. Regarding the OLC sample, the changes in the structural integrity
of the particles is not as marked as in the CNT case (Fig. 16c), probably
due to their inability to be eﬀectively brought into contact during the
test. This is supported by the values of the ID/IG ratio, which shows a
change from 1.05 in the initial state (as observed from Fig. 15b) to 0.88
and 0.85 in the 100 mN and 8 N tests, respectively. Interestingly, the nD
sample show strong resonance of the sp2 carbon bands (Fig. 16d),
which are theoretically present in very low volume fractions in the
predominantly sp3 nanodiamond (as a result of the synthesis by deto-
nation) [23,67]. The observation of these bands is explained by the
diﬀerence in the behavior of both hybridization states to the excitation
with visible light. It has been reported that the sp2 domains are up to
230 times more sensitive to visible light excitation than those with sp3
hybridization, thus vanishing them in the background noise [57,58]. In
any case, when compared to the initial state of the nD (Fig. 15c), the
improvement in the sp2 carbon crystallization becomes evident. It is
still unclear and would be the subject of a report by itself, to which
extent this sp2 crystallization would inﬂuence the lubricity of this type
of particles. However, as can be seen in Figs. 8 and 9, the COF is not
aﬀected by this fact.
Summarizing, the activity of the CNTs during lubrication is no-
ticeable and more marked than the other nanoparticles studied. As al-
ready mentioned, this is a result of the diﬀerent lubrication mechanisms
shown by the particles, where only the CNTs could be straightforwardly
dragged into the direct tribological contact during relative motion, as
opposed to the case of the low aspect ratio particles (OLC and nD).
4. Conclusions
The present study investigates the dominant friction and wear me-
chanisms in case of dry sliding of carbon nanoparticle (CNT, OLC and
nD) reinforced nickel matrix composites under elastic and elasto-plastic
contact conditions. For the given materials and geometries and based
on calculations using an extended Greenwood-Williamson model
(Jackson-Green model), a critical normal load of 0.6 N is found below
or above which the contact is either elastic or elasto-plastic.
Measurements under elastic conditions were performed under 4% of
relative humidity, thus excluding a graphite-based lubrication eﬀect. It
is shown that only CNT provide an eﬃcient lubrication as
Fig. 14. (a) Transmission electron micrograph of a foil
obtained from the sheet observed in the Ni/CNT 20 vol%
samples tested with 8 N. The blue circle denotes the region
where selected area electron diﬀraction was performed.
(b) SAED pattern of the sample, where three diﬀerent
phases are identiﬁed (NiO, Ni and C). (For interpretation
of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
Fig. 15. Raman spectra of the initial state of (a) CNT, (b) OLC and (c) nD. The two main bands (G and D) of sp2 carbon are identiﬁed in the ﬁgure.
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reinforcement phase in composites with the lubrication mechanism
being based on sliding and/or rolling of the tube-like particles. No lu-
brication is observed for “0D” particles, irrespective of their hy-
bridization, thus the lubrication eﬀect is further traced back to the large
aspect ratio of CNT, allowing them to be dragged out of the surface
cavities into the local direct tribological contact. For elasto-plastic
contact conditions, the formation of dense, cracked, oxide-containing
sheets is observed, which do not hinder CNT from eﬃciently lubricating
the system. It is believed, that CNT are able to separate the sheets from
each other and from the surface, hence allowing them to slide. The
lubrication eﬀect increases with increasing volume content of CNT,
reaching a maximum steady state frictional reduction of 50% compared
to the unreinforced nickel reference for elastic and elasto-plastic con-
tact conditions for low and medium relative humidities. The present
study highlights the potential of CNT as solid lubricant for self-lu-
bricating metal matrix composites.
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A B S T R A C T
The unfavorable environmental conditions of certain tribological systems, such as operation at high tempera-
tures or under vacuum, set the need to replace liquid with solid lubricants. Multi-Wall-Carbon Nanotubes
(MWCNTs) have been emphasized as a very eﬀective solid lubricant. The particles have been used to create self-
lubricating materials by acting as reinforcement phase in composites or as solid-lubricant coating that works in
conjunction with textured surfaces to prevent the removal of particles from the contact. However, both ap-
proaches are restricted to some extent. In the case of composites, the solid lubricant concentration is limited so as
not to inﬂuence the mechanical stability of the ﬁnal component. For coated surface structures, the textured
surfaces can degrade during the experiment. The present study focuses on the combination of these approaches
in order to create enhanced self-lubricating surfaces with MWCNTs as the solid lubricant. A custom-made ring-
on-block tribometer is used to study the behavior of laser textured MWCNT-coated and MWCNT-reinforced
nickel matrix composites under the conditions of unidirectional sliding in conformal contact. It is shown that the
combination of both approaches allows for a maximum 4-fold reduction in friction and a 115-fold reduction in
wear rate compared to the reference. Additionally, the lubrication mechanism of the MWCNTs is investigated in
more detail and a structural degradation model of the mechanically stressed MWCNTs is proposed. Our results
highlight the integrated solution as a suitable approach for self-lubricating surfaces subjected to unidirectional
sliding.
1. Introduction
In almost every technical system, motion is realized through various
types of bearings. Their tribological optimization with respect to the
material [1], the surface design [2,3] and the lubrication type [4] is an
important task. The eﬀective lubrication of a bearing is often achieved
using a liquid lubricant. However, the use of solid instead of liquid
lubricants can be advantageous in cases of unfavorable environmental
conditions such as high temperatures or vacuum [5,6].
There is a wide variety of solid lubricants, such as MoS2, WS2 or
graphite [5,6]. However, they also show restrictions with regard to
their operational environment [5]. For example, MoS2 is only used in
applications working under vacuum or inert gas, since it can react with
oxygen in an atmospheric environment and lose its lubrication abilities
[5]. In contrast, graphite shows eﬃcient lubrication exclusively under
moderate to high relative humidity. In cases of low relative humidity or
vacuum, a high coeﬃcient of friction is observed because its lubrication
mechanism relies on the intercalation of consecutive graphene layers by
water molecules [7].
Recently, Multi-Wall Carbon Nanotubes (MWCNT) have been
identiﬁed as very promising candidates to reduce friction and wear for a
wide span of operational conditions, such as surface roughness, relative
humidity, temperature, and environmental pressure [8–17]. Their
ability to act as solid lubricant is based on their outstanding material
properties and cylindrical shape built from multiple hollow graphitic
shells with high aspect ratio [18–21].
There are diﬀerent theories about the lubrication mechanism of
MWCNT. Dickrell et al. showed a frictional anisotropy eﬀect, particu-
larly in case of CNT coatings [22,23]. CNT that are aligned horizontally
to a surface show a much lower coeﬃcient of friction than CNT aligned
perpendicularly to the surface. It was concluded that CNT possess the
ability to eﬃciently separate the sliding surfaces and are able to slide
and/or roll on the surfaces. This theory is backed up by atomic force
microscope experiments that measured the lateral forces involved in
generating a sliding or a rolling motion of a single MWCNT on a gra-
phitic surface [21]. In continuation of this work, a so called “tank-belt”
model describing the CNT rolling motion as similar to that of a de-
formed chain rolling between two contacting surfaces under shear has
https://doi.org/10.1016/j.wear.2018.03.021
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been also reported [24,25]. On the other hand, there is also work on
fullerene-like nanoparticles used as oil additives, where the authors
state that the nanoparticles cannot act as rolling bodies if the observed
friction coeﬃcient signiﬁcantly exceeds that typical for rolling [26].
Interestingly, under high pressure and shear, the strong deformation of
the CNT can result in the delamination of ﬂake-like graphitic structures
and the formation of carbonaceous layers on the surface, providing low
shear strength similar to graphite lubrication [11,27,28]. Aside from
experiments, simulations have shown that in the case of high tem-
peratures, a pressure-induced transformation of CNT towards graphite
may take place [29]. Due to the promising lubrication eﬀects, CNTs
have been used as coatings or reinforcement phases in composites
[8,9,11,16,22,27,28,30].
In self-lubricating materials, metal matrix composites are of much
interest due to their high technological relevance, the ability to tailor
their microstructure and the possibility to incorporate solid lubricants
as reinforcement phases [31–34]. For example, it is well known that the
microstructures of composites, and thus their mechanical and tribolo-
gical properties, can be adjusted by varying the type and amount of the
reinforcement phase [35–37]. This is mainly attributed to a grain re-
ﬁnement control (pinning eﬀect), which leads to higher strength of the
composite. Furthermore, the particles might hinder the dislocation
mobility, thus retarding the plastic deformation of the surfaces. Finally,
a continuous supply of solid lubricant (i.e. CNT) can be ensured with
ongoing wear of the surface, providing constant lubrication [9,11,30].
However, the amount of reinforcement phase is limited so as not to
aﬀect the mechanical integrity of the sintered composite.
An alternative to increase the amount of solid lubricant in a contact
is to have a surface with regular depressions ﬁlled with the solid lu-
bricant [10,38–41]. For CNT, this approach has been previously ex-
plored using direct laser interference patterning (DLIP) of steel surfaces
in combination with a CNT coating produced by electrophoretic de-
position (EPD) [10]. It was shown that the duration of the lubrication
eﬀect can be extended by a factor of at least ﬁve compared to a CNT-
coated ﬂat steel surface. This is due to the storage of CNTs in the surface
depressions, preventing the removal of the CNTs from the contact and
enabling a constant supply of solid lubricant.
The present study aims at combining both aforementioned ap-
proaches (CNT-reinforced metal matrix composites and laser-textured
CNT-coated surfaces) in order to improve the self-lubricating ability of
the surface. The study is also driven by the need to understand the
lubrication mechanisms of CNTs, so that they can be used as solid lu-
bricant in the most eﬃcient way.
2. Materials and methods
2.1. Composite production
In this work, MWCNTs having a diameter of 20–85 nm and a length
of 5–15 µm were purchased from Graphene Supermarket (USA). In their
as-received form, the MWCNTs form agglomerates with a mean size of
about 1mm in diameter. In order to use the MWCNT as reinforcement
phase in nickel matrix composites, they have to be disentangled, which
is done using a colloidal dispersion and mixing process. For this process,
ethylene glycol is used as a solvent, as it allows for ﬁne and stable
dispersions of MWCNTs [30,35,36,42]. Dispersing the nanoparticles in
the solvent was done using a shear mixer (Ultra-turrax T-25 by IKA) for
5min, followed by treatment in an ultrasonic bath (Sonorex Super RK
514 BH by Bandelin, 860W, 35 kHz) for another 20min. According to
previous studies, this process allows for the best dispersion if particle
surface functionalization is avoided and if it does not greatly inﬂuence
the structural integrity of the particles [36]. Subsequently, Ni dendritic
powder (Alfa Aesar, −325 mesh size) is added and mixed with the
CNTs dispersed in the solvent using the shear mixer, so as to obtain a
concentration of 20 vol.-% of MWCNTs in the Ni powder. Since Nickel
only forms metastable carbides under very speciﬁc conditions, it
appears to be well suited for the presented study [42,43]. After eva-
porating the solvent in a furnace at 150 °C, the obtained powder is pre-
compacted to green pellets with a diameter of 25.4 mm using a pressure
of 420MPa and sintered in a hot uniaxial press under vacuum and axial
pressure of 40MPa at 750 °C for 4 h. The heating and cooling rate is set
to 10 °C/min. Additionally, an unreinforced pure Nickel reference is
produced under the same conditions. With the given parameters, a
densiﬁcation of at least 95% is reached. The sintering parameters have
been chosen based on a previously developed model predicting the ﬁnal
microstructure of these composites after sintering [35]. After the den-
siﬁcation process, the cylindrical samples are ground ﬂat on both sides
and are polished using a diamond slurry containing diamond particles
of 3 µm in diameter on one side. Subsequently, the polished composites
are machined to the dimensions given in Fig. 1 and are cleaned with
acetone and isopropanol in an ultrasonic bath in order to remove all
surface contaminants. The geometrical shape of a block with teeth is
needed in order to allow testing in the ring-on-block tribometer de-
scribed in Section 2.4.
2.2. Laser texturing
Direct laser writing (DLW) using a femtosecond pulsed laser system
is deployed to create surface depressions by ablation of the surface of
CNT-reinforced metal matrix composites. Compared to DLIP, this pro-
cess allows for the production of larger lubricant-storing surface de-
pressions as well as higher load-bearing capacity. These eﬀects are
achieved by avoiding melting, bulging and resolidiﬁcation of the sur-
face, which can result in increased roughness [44–46]. Accordingly, the
teeth of one of the machined 20 vol.-% of MWCNT-reinforced compo-
site samples are laser textured using a femtosecond pulsed laser system
(Spectra-Physics, Ti:Sapphire laser) with a pulse length of 100 fs and a
wavelength of 800 nm. The beam (diameter of 8mm) is focused on the
sample surface by a lens in order to achieve a laser spot size of 15 µm.
The sample is mounted on a motorized stage, which can perform a two-
dimensional linear movement. The processed teeth of the block are
moved through the laser beam in a meander-like pattern, thus creating
a line-like structure oriented in parallel to the tooth's length. The dis-
tance from line-to-line (structural periodicity) is 50 µm providing a line
width, according to the laser spot size, of 15 µm. With the laser pulse
frequency being 1 kHz, the velocity of the stage is chosen to be 6.5 mm/
s, so that the individual laser pulses overlap, and an almost constant
structural depth of 1 µm can be obtained using a mean laser power of
35mW. This structure is chosen intentionally, as it only slightly in-
creases the value of the core roughness Rk of the surface compared to
the reference surface, but still provides the possibility to store a large
Fig. 1. Schematic of a machined sample. The sizes are in mm.
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amount of solid lubricant [45]. Furthermore, large polished areas
(width of 35 µm) are provided between the line-like depressions, al-
lowing MWCNTs to perform complex motions and/or to be destroyed at
the interface while separating the contacting surfaces. On the other
hand, the structural periodicity is chosen not to be too large, so that the
tribological contact can be eﬃciently supplied with MWCNTs stored in
the depressions and so that at least 20 line-like depressions get in
contact for each individual tooth of the machined sample.
2.3. Electrophoretic deposition (EPD)
With regard to the CNT coatings, EPD has been found most suitable
for the present study, being an easily scalable technique for depositing
CNT ﬁlms with a homogeneous thickness on diﬀerent materials and
complex textured surfaces [10,47]. It is based on the motion of charged
particles in an electric ﬁeld and the subsequent adhesion/physisorption
of these particles onto an electrode substrate in a ﬂuid medium. For the
deposition process, the laser-textured block sample is used as anode and
a steel block of the same dimensions is used as cathode. The blocks are
cleaned stepwise using cyclohexane, acetone and isopropanol in the
ultrasonic bath for 10min, respectively. A dispersion of MWCNTs in
acetone with a concentration of 0.25mgml−1 is prepared using the
same dispersion method as described in Section 2.1. Hereupon, 3ml of
triethylamine (TEA) are added to the dispersion. This is done in order to
add negatively charged COO- surface groups to the outer layer of the
MWCNTs, which allows for their deposition on the anode in an electric
ﬁeld [48]. Finally, using a constant voltage of 20 V for 10min in a
custom-built deposition cell, the sample is coated with MWCNTs.
During this process, a distance of 1.3 cm between the teeth of the
composites and the steel block is kept constant.
2.4. Tribological testing
Friction and wear tests were performed on a custom-built ring-on-
block tribometer allowing for experiments under conditions of con-
formal contact with a constant contact area at the steady state regime
(schematically presented in Fig. 2). The tribometer consists of a DC-
motor-driven precise spindle and a loading frame that is able to rotate
as well as to move radially with respect to the spindle's axis. A ring
sample is ﬁxed to the spindle's axis.
The ring, made out of mild steel SAE 1045, has an outer diameter of
38mm, a Vickers hardness of HV 320 and is polished to a surface ﬁnish
of Ra = 0.02 µm followed by a cleaning of the surface using acetone and
isopropanol. The ring rotates with the speed ω=250 rpm. Below the
ring is the block sample that has four teeth of a cross sectional area
S= 20mm2 each (Fig. 1). The block is ﬁxed to the loading frame and is
pressed against the rotating ring under a normal load of L=20N. The
normal load is applied by a linear actuator that is controlled in a closed
loop using the feedback received from a normal force transducer. The
shape and the self-aligning ability of the block sample ensure that, after
the running-in is ﬁnished, the area of contact between the samples does
not change, and the wear volume can be calculated as V= Δd·S, where
S is the cross sectional area of the tooth brought in contact with the
ring, and Δd is the change in distance d measured by a proximity probe.
A friction moment, Mf, that is produced due to the sliding between the
ring and the block, pushes the loading frame around the spindle's axis,
but its motion is stopped by a force transducer allowing the friction
force, F, to be quantiﬁed. The eﬀect of friction produced by a rotary
bearing is cancelled by proper calibration of the friction force trans-
ducer. The experiments were conducted under conditions of 40% of
relative humidity and a temperature of 25 °C.
2.5. Characterization methods
The initial state characterization as well as the wear track analysis is
performed using a focused ion beam/ﬁeld emission (dual beam) SEM
workstation (FEI Helios NanoLab 600). SEM micrographs and EDS maps
are recorded with an accelerating voltage of 5 kV and current of 1.4 nA
or 22 nA, respectively. The mean grain size and grain orientation of the
composites is determined by EBSD with an EDAX TSL detector in-
corporated in the dual beam microscope. For the EBSD measurement,
an accelerating voltage of 20 kV and a current of 22 nA is applied,
scanning an area of 400× 400 µm2 with a step size of 0.3 µm. The
acquired data is post-processed using conﬁdence index (CI) standardi-
zation in addition to the removal of points with CI below 0.1. A grain is
deﬁned as at least two adjacent points with a maximum misorientation
of 5°, beyond which a grain boundary is detected. The grains over-
lapping with the scan window are excluded from the analysis.
The structural integrity assessment of the MWCNTs is carried out by
Raman spectroscopy analysis. For this purpose, an inVia Raman mi-
croscope (Renishaw) is used with an excitation wavelength of 532 nm
(2.33 eV), a grating of 2400 lines mm−1, a 50X-objective (numerical
aperture: 0.9), a spectral resolution of 1.2 cm−1, and a laser power of
0.2 mW. The data acquisition time is 10 s and each measurement is
performed three times for statistical back up. The data is ﬁnally pro-
cessed using a linear baseline subtraction and intensity normalization,
followed by a ﬁtting based on the Lorentz function in order to identify
the peak positions [49]. Vickers microhardness is measured with a
Vickers microindenter (Durascan, Struers) using an indentation force of
0.98 N (HV0.1) and a holding time of 10 s. For each sample, 12 mea-
surements at diﬀerent spots were conducted and averaged.
3. Results and discussion
3.1. Initial state characterization
Before tribological testing, the samples were analyzed with regard
to the MWCNT distribution in the composite and the microstructure of
the Nickel matrix. In Fig. 3, EBSD maps of the unreinforced nickel re-
ference and the reinforced composite, as well as an SEM micrograph of
the composite surface, are shown. According to the color-coding of the
grain orientations of the reference sample as well as the reinforced
composite sample, no preferred grain orientation is found in either case.
Furthermore, it is clearly noticeable that the grain size is drastically
reduced from a mean grain size of 29 ± 19 µm of the unreinforced
reference to a mean grain size of 4.5 ± 2 µm in the case of the re-
inforced composite. This eﬀect is well-known and is attributed to the
Fig. 2. Schematic of the ring-on-block tribometer, which illustrates the working
principle of the device tribometer and the installation position of the block
sample (depicted in Fig. 1). The individual teeth of the block sample have been
laser structured and coated with MWCNT.
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Zener pinning eﬀect of CNTs in a metal matrix, resulting in a hindered
grain boundary movement during sintering [50]. Due to the hindered
grain boundary mobility, the grains are not able to freely grow; thus the
mean grain size after sintering is reduced to a signiﬁcant degree com-
pared to the unreinforced reference. This fact also results in a higher
hardness of the reinforced sample due to the Hall-Petch eﬀect of
118 ± 2 HV of the composite compared to 108 ± 4 HV of the un-
reinforced reference [51,52]. As was already reported for CNT-re-
inforced Cu matrix composites, with a higher hardness of the composite
a lower wear rate is expected [12].
Additionally, one of the MWCNT-reinforced composites is laser
textured using DLW with a femtosecond pulsed laser system and sub-
sequently coated with MWCNTs using EPD. The surface of the laser-
textured composite surface before and after coating with MWCNT ag-
glomerates is depicted in Fig. 4a and b.
From the cross-section shown in Fig. 4c, it can be seen that the
applied laser texturing provides a structural periodicity of 50 µm with a
width of 15 µm for the line-like depressions. The depth of the depres-
sions is 1 µm. The coating thickness of 5–10 µm is measured using a FIB
cross-section in Fig. 4d. It is evident that the laser-machined depres-
sions are completely covered with the CNT coating.
For tribological experiments, it has to be kept in mind that a DLW
process may induce a slightly higher surface oxidation within the ir-
radiated areas [45]. No microstructure changes or phase transforma-
tions are expected, as the laser-material interaction in a femtosecond
laser system is not long enough to induce thermalization, resulting only
in the material ablation. Hence, recrystallization of the surface is ex-
cluded [46].
3.2. Friction and wear
The unreinforced Ni reference sample (Ref), the MWCNT-reinforced
composite sample (Composite) as well as the laser-textured MWCNT-
coated reinforced composite (Coated composite) were rubbed under the
same conditions. The measurements of coeﬃcient of friction (COF) are
shown in Fig. 5. Each curve represents the mean value including the
standard deviation of three measurements. The individual experiments
were conducted until steady state was reached. The unreinforced re-
ference was only measured for 400 s due to fast wearing oﬀ of the teeth.
However, the ﬁnal COF value of 0.6 correlates well with the steady
state COF value reported in the literature for coarse grained Nickel
sliding against steel at a relative humidity of 40% [53]. The running-in
of the reference sample is typical for a non-lubricated metal-to-metal
contact that has already been analyzed elsewhere [54]. The initial raise
of the COF from 0.2 to 0.8 can be explained by an increase of the
contact area during running-in. As the ring further removes material
from the tooth, wear debris accumulates at the interface, leading to
formation of a third-body layer that reduces adhesive interaction
between the rubbing surfaces and leads to friction reduction. The steady
state conditions are reached when the formation of the third-body layer
is balanced with escape of wear debris from the interface.
For the composite sample, the COF curve starts with the same value
as for the reference, but it only increases to a maximum value of 0.37
and decreases rapidly within the ﬁrst 150 s to a value of 0.22. After this,
it further decreases during the next 2500 s, reaching minimal values of
as low as 0.13 at the steady state condition. In the beginning of the
experiment, the MWCNTs are embedded in the Nickel matrix, and their
contribution to friction is limited, so the COF value is close to that of the
reference surface. With the steel ring starting to wear oﬀ the block
material and to develop a conformal contact with the tooth, the em-
bedded MWCNTs are gradually brought into the contact and start lu-
bricating the system.
A previous study has already shown that the COF of MWCNT-re-
inforced composites is mainly inﬂuenced by the presence of MWCNTs
in the contact zone and not by the diﬀerences in the composite mi-
crostructure [9]. It is assumed that the MWCNTs can easily be dragged
out of the surface cavities due to their high aspect ratio [10,11]. With
on-going wear, more and more MWCNTs are progressively brought into
the contact, which further decreases the COF until it reaches the
minimal value at the steady state condition. This constant value may be
a consequence of the balance between the MWCNTs that are already
present in or have just been dragged into the contact from the surface
cavities and the MWCNTs that are pushed out of the contact with the
wear debris. The lubricating eﬀect of the MWCNTs is attributed to the
presence of delaminated/degraded graphitic ﬂakes and the pristine
MWCNTs, which are able to slide or roll on the surface. Compared to
other studies of the lubricating eﬀect of MWCNTs under the non-con-
formal contact conditions with the steady state COF of around 0.2
[9–11], the presented COF results are signiﬁcantly lower. It is believed
that the conformal contact conditions support the MWCNTs’ ability to
separate the surfaces, thus providing higher eﬃciency in lubricating the
system. Since the minimum COF is about 0.13, while rolling would
result in friction coeﬃcients of signiﬁcantly lower values, sliding is
considered to be the main type of relative motion [55]. Nonetheless, a
partial rolling of the particles cannot be fully excluded.
The laser-textured MWCNT-coated reinforced sample (Coated
Composite) also demonstrated a friction reduction compared to the
reference surface. However, in contrast to the composite sample, the
friction reduction is already seen in the beginning of the experiment
with a COF value of 0.25–0.35. An explanation for this behavior is that
MWCNTs are present in the contact zone as free particles right from the
start. The COF slightly ﬂuctuates for the ﬁrst 1000 s, after which it
continuously decreases and ﬁnally reaches the steady state conditions
after 3500 s with the same COF as the composite sample. Interestingly,
although the concentration of MWCNTs on the surface is much higher
compared to the composite sample, the friction reduction is less
Fig. 3. EBSD maps of a) the unreinforced pure Nickel reference and b) the 20 vol.-% of MWCNT-reinforced composite. The ﬁne and homogeneous distribution of
MWCNT agglomerates (black dots) in the nickel matrix (grey) is depicted in c).
L. Reinert et al. :HDU²²

pronounced and is unstable. Most likely, this can be traced back to wear
particles, which cannot be eﬃciently removed from the contact but are
stored in the surface depressions. Wear particle agglomerations are thus
formed and broken up in a stochastic manner, leading to a slight in-
crease and destabilization of the friction coeﬃcient. Additionally, the
initially present thick MWCNT coating is not strong enough to support
the load, so the ring sample penetrates it until the block sample is met,
only being separated by a very thin layer of MWCNT. The thick coating
creates a larger contact area, consequently leading to higher friction.
However, with on-going wear, both eﬀects are getting less pronounced.
A higher COF due to a phase transformation or a change in mechanical
properties of the surfaces induced by laser processing can be excluded,
as the laser-material interaction of a femtosecond laser system is based
on ablation and not on melting [46]. At the steady state, the laser
structures and the MWCNT coating seem to be worn oﬀ completely,
because the same frictional behavior as for the composite sample is
observed. However, in order to get a better understanding of the me-
chanisms involved, a detailed analysis of wear and the oxidation be-
havior as well as the evaluation of the structural state of the MWCNT
has to be performed.
The tooth wear Δd (see Fig. 2) is given as a function of time in Fig. 6,
which also includes the curve slopes representing the wear rate.
It is clearly seen that the reference sample is worn much faster than
the composite or the coated composite sample. Based on the curve
Fig. 4. SEM micrograph of the laser-textured composite sample a) before and b) after coating with MWCNTs. In c) a cross-section of the laser-textured surface
(marked in red in a)) is depicted by laser scanning microscopy. A SEM micrograph of a FIB cross-section of the laser textured and coated composite is illustrated in d).
The surface depression is marked in red for better visibility. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.).
Fig. 5. Evolution of the COF of the unreinforced Nickel reference (Ref), the
MWCNT-reinforced composite (Composite) and the MWCNT-reinforced com-
posite after laser texturing and MWCNT coating (Coated Composite). Each
curve represents the mean value including standard deviation of three mea-
surements.
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slopes, the wear rate of the composite (0.025 ± 0.01 µm/s) is 70 times
slower than that of the reference ( 1.73 ± 0.15 µm/s). For one part,
this can be explained with the slightly higher hardness of the composite
compared to the reference material. Additionally, the lower mean grain
size of the composite material can lead to a more pronounced oxidation,
as the grain boundaries would act as diﬀusion paths for oxygen [56,57].
The formation of a protective oxide layer can lead to a change in wear
mechanism and thus to a lower wear rate. Furthermore, the MWCNTs
are continuously dragged into the contact, eﬃciently reducing fric-
tional stress and separating the surfaces, which also contributes to the
wear reduction.
In case of the coated composite, two time intervals have to be
analyzed separately, as the wear rate changes after 3200 s of the run-
time. For the ﬁrst 3200 s, the wear rate is 0.015 ± 0.01 µm/s, which
corresponds to the reduction of wear by a factor of 115 compared to the
reference. After 3200 s, the wear rate slightly increases, meeting the
same value as in the composite sample. A straightforward reason for
this behavior is the removal of the MWCNT-coated laser structures
during the ﬁrst 3200 s. With the wear rate being almost identical to that
of the uncoated composite sample, the behavior of the coated sample is
clearly dominated by the substrate material. This also appears reason-
able when looking at the COF of the coated composite sample after
3200 s (Fig. 5), which is similar to the COF of the uncoated composite
sample. However, although the COF of the coated composite sample is
higher for the ﬁrst 3200 s, the wear is lower. This can be explained by
the fact that the contacting surfaces are more eﬃciently separated by
the higher amount of MWCNTs homogeneously covering the composite
surface. With on-going wear, the two contacting surfaces slowly un-
dergo a transition towards a conformal contact. This means that with an
increasing wear depth, the laser-induced surface depressions are gra-
dually removed until the tooth contact surface replicates the ring shape.
After 3200 s, the supply of the MWCNTs decreases, thus resulting in a
higher wear rate. In the following sections, an extensive surface analysis
is performed in order to back-up and discuss the above hypotheses in
more detail.
3.3. Characterization of wear
In Fig. 7, SEM micrographs as well as EDS maps showing the middle
of the worn teeth of the reference and composite samples are depicted.
From the SEM micrographs, it is evident that the wear mechanisms of
the two samples diﬀer signiﬁcantly.
The reference surface (Fig. 7a, c) exhibits clear signs of rupture and
material transfer with formation of plate-like composite plastically-
deformed fragments. Large areas of pure Nickel are exposed due to
insuﬃcient regeneration of a disrupted protective NiO surface layer,
resulting in the formation and breaking of micro-welds during the ex-
periment and creating a rough surface with a ﬂake-like morphology. A
random formation of oxides, which are mostly associated with trans-
ferred particles, is observed. Thus, the dominant wear mechanism for
the reference sample is the pathological (severe) adhesive wear [58].
In contrast to that, the worn tooth of the composite sample (Fig. 7b,
d) exhibits a rather smooth, fully oxidized surface with anisotropic
scratch-marks in the sliding direction. The formation of a uniform oxide
layer can be explained with the lower grain size in the case of the
composite [56,57]. This oxide layer may work as a protective coating,
as NiO is known to act as a high shear strength layer, which is hard to
remove [11]. This clearly indicates normal (mild) tribo-chemical wear
[58]. Interestingly, the formation of a high shear strength layer would
typically result in a higher COF, which is not the case as can be seen in
Fig. 5 [11]. This supports the above conclusion that the frictional be-
havior is dominated by the MWCNTs, which are transferred to the
contact area from cavities and slide/roll on the smooth oxidized surface
of the composite, eﬃciently reducing the COF.
3.4. Structural integrity of solid lubricant
Fig. 8 shows a partially worn tooth of the coated composite sample,
where the measurement has been stopped during run-in at 1000 s.
Three diﬀerent areas can be noticed.
Area 1 corresponds to the pristine laser-textured and MWCNT-
coated surface, which has not yet been in contact. Area 3 is long in a
sliding contact, and, with the laser structures and MWCNT coating
being completely removed, it matches the surface appearance of the
uncoated composite sample, in which the tribological behavior is de-
termined exclusively by the composite material. For area 2, the darker
color of the MWCNT coating indicates that an initial contact has been
established. However, the surface is still covered by MWCNTs and the
MWCNT-ﬁlled line-like laser structures are still observed. Obviously,
the tribological system is still in the process of running-in because the
contact area does not completely cover the top surface of the tooth. This
fact allows for a more detailed analysis of the lubrication mechanism of
the particles. Additionally, wear particles are found in area 2, aligning
with the remaining laser structures, which supports the statement of an
increased and unstable friction coeﬃcient due to wear debris trapping
and the subsequent forming and breaking of wear particle agglomera-
tions during running in.
Keeping in mind, that the tribological system undergoes a transition
towards a conformal contact condition, it is reasonable to assume a
contact pressure gradient, with the pressure increasing from area 1 to
area 3 as indicated in Fig. 8. Raman spectroscopy was conducted for
these areas. The spots marked as a-d in Fig. 8 are analyzed and the
characteristic bands of MWCNTs are compared in order to identify the
degradation process of the particles. In Fig. 9, the corresponding Raman
spectra are plotted and the characteristic bands are given as D, G and
G’. Additionally, schematic illustrations are added to the spectra to
present the structural degradation model of the MWCNTs found in each
contact situation (a-d).
The ﬁrst peak at 1350 cm−1 belongs to the D-band, which is formed
due to the presence of defects in the MWCNT structure. For example, a
defect can be a crystal boundary in polycrystalline graphite or simply
dangling covalent bonds of the aromatic system [59,60]. At around
1580–1600 cm−1, the G-band is detected. The G-band describes the
crystalline state of sp2-hybridized carbon structures [61]. Its center
position (XCG) is used in a three-stage phenomenological model devel-
oped by Ferrari et al. [49], which analyses the transition from an or-
dered graphitic-like to an amorphous-like structure, thus quantifying
the degradation process of such a highly crystalline structure as
MWCNT. Finally, at around 2700 cm−1, the G’-band corresponding to
an overtone of the D-band is observed. The G’-band is very sensitive to
carbonaceous impurities, providing a very close correlation to average
Fig. 6. The tooth wear Δd as a function of time. The slope of each individual
curve represents the wear rate and is included in the graph. Each curve re-
presents the mean value including standard deviation of three measurements.
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purity values obtained by thermogravimetry [60].
From the ﬁrst look at the spectra, it is obvious that, according to the
measured spots on the worn tooth, the XCG is shifting from lower to
higher wavenumbers as a function of the contact pressure growing from
(d) to (a) in Fig. 8. This upshifting corresponds to a transient state of the
MWCNTs (clustering of the aﬀected graphitic structure) towards a
nano-crystalline graphite [49]. In addition, the band intensities clearly
change as a function of the measured spot (contact pressure). Raman
spectra can be quantitatively evaluated by the normalized intensity
ratios D/G and G’/D. Speciﬁcally, the D/G ratio corresponds to the
defect density and thus to the crystalline domain size, whereas the G’/D
ratio can be correlated with the purity level of a graphitic material and
is deﬁned as the purity index [61,62].
The corresponding intensity ratios of the recorded spectra as well as
the G-band position can be found in Table 1. However, it should be kept
in mind that these data present mean values of all MWCNTs measured
at individual spots, where degraded MWCNTs can be blended with in-
tact MWCNTs, generating an integral of structural state information.
Comparing the data in Table 1, it is clearly seen that the defect
density increases from (d) to (b) from 0.55 to 1.23 and slightly de-
creases again for (a). The purity index signiﬁcantly drops from (d) to (a)
with the XCG wavenumber increasing from 1584 cm−1 to 1601 cm−1.
According to the amorphisation trajectory model by Ferrari et al. [49],
this corresponds to the structural amorphisation of the MWCNTs in the
sliding contact. For spot (d), the MWCNTs are in pristine, highly or-
dered and graphitic condition, which also indicates that they are
practically not stressed and can move freely. With increasing contact
pressure, the MWCNTs are deformed, creating high stresses at the outer
shells of the MWCNT structure, which can result in breaking of in-
dividual covalent bonds and thus higher defect density (see Table 1(c)
and Fig. 9(c, b)). Moving towards the main contact zone, the MWCNT
structures start to delaminate and nanocrystalline graphitic ﬂakes are
formed, as the XCG wavenumber reaches almost 1600 cm−1. The third
body layer here consists of a mixture between the damaged MWCNTs
and stacked graphene layers. Finally, at spot (a), the remaining MWCNT
coating is fully degraded to nanocrystalline graphitic ﬂakes and nearly
no intact MWCNTs can be found anymore. The defect density index
decreases again, which can be correlated with the second stage of
amorphisation due to the further decreasing purity index [49].
When the MWCNT agglomerates found in the cavities of the worn
composite material are analyzed within area 3, the spectrum in Fig. 10
is obtained.
Fig. 7. SEM micrographs of the wear tracks in
the middle of the tooth for a) the reference and
b) the composite surfaces. EDS-maps of oxygen
(color green) are superimposed with the SEM
micrographs of c) the reference and d) the
composite surfaces. (For interpretation of the
references to color in this ﬁgure legend, the
reader is referred to the web version of this
article.).
Fig. 8. SEM micrograph of a tooth of the coated composite sample after stop-
ping the test at 1000 s. Three diﬀerent areas of wear, which are separated by
red lines for clarity, can be distinguished. Area 1 shows the initial laser-struc-
tured and MWCNT-coated surface, whereas area 3 shows the ﬁnal stage of
complete removal of laser structures and CNT coating. Area 2 corresponds to
transition between area 1 and area 3, with the laser structures and MWCNT
coating still being visible. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.).
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The spectrum and thus the defect density, the purity index as well as
the XCG wavenumber of the MWCNTs found in the surface cavities in
area 3 are very similar to these found in spot (c) (see Fig. 9 and
Table 1). This means that the MWCNTs in the cavities are only slightly
degraded and can be dragged into the contact to enhance lubrication.
Taking into account that the Raman signal consists of the superposition
of the signal generated by the MWCNTs that have already been in
contact and the MWCNTs that are still stored in the cavities of the
composite, it is reasonable to assume that the stored MWCNTs are still
close to their pristine condition. Additionally, as the crystalline graphite
has already been formed in the contact by the degraded MWCNTs, the
pristine MWCNTs can slide or roll over these graphite layers depending
on the individual contact situation. This possibility has been discussed
in the work of Falvo et al. [21] studying the rolling and sliding me-
chanisms of MWCNTs on graphite using an atomic force microscope.
However, based on the recorded COF, the dominant lubrication
mechanism of the presented system is certainly a mixture of the sliding
MWCNTs and a graphite-based lubrication.
Finally, it is summarized that the MWCNTs from the cavities of the
composite material are gradually brought into the contact, thus per-
manently lubricating the system. The steady state frictional behavior of
the composite as well as the coated composite is dominated by the
Fig. 9. Raman spectroscopy analysis of the spots a-d in Fig. 8 indicating the characteristic bands for MWCNT. Each spectrum was recorded three times, and the mean
value with the standard deviation are plotted. For each spectrum, a schematic is added in order to visualize the interpretation of the Raman signal and to demonstrate
the corresponding contact situation.
Table 1
Intensity ratios of the D, G and G’ band as well as the G-band center position
(XCG) as a function of the measurement location on the worn tooth according to
Fig. 8.
Position ID/IG IG’/ID XCG in cm−1
(a) 0.96 0.11 1601
(b) 1.23 0.26 1589
(c) 0.94 0.65 1586
(d) 0.55 1.48 1584
Fig. 10. Raman spectrum of the MWCNTs found in the surface cavities within
the worn area of the composite material in area 3 (according to Fig. 9). The
intensity ratios as well as the XCG wavenumber are included.
L. Reinert et al. :HDU²²

constant supply of the MWCNTs stored in the cavities of the composite
material. However, a surface coating combined with laser texturing is
capable to reduce the wear rate during the running-in of the system by a
factor of 1.6 compared to the uncoated composite material. This can be
explained by a more eﬃcient surface separation by the MWCNTs in the
coated case and by the capability of the surface depressions to supply
the contact area with a larger amount of solid lubricant compared to the
composite cavities. The wear reduction reaches similar values as for the
uncoated composite as soon as all of the coating and laser structures are
removed. Only by combining the MWCNT coating with the MWCNT-
reinforced composite, could the lubrication mechanism of the MWCNTs
be understood in detail.
4. Conclusions
Here we report on the tribological behavior of an integral self-lu-
bricating system under conformal contact conditions. The tests were
carried out in a custom-built ring-on-block tribometer. We show that
when combining a self-lubricating composite with an optimized solid-
lubricant coating and a regular topography, improved self-lubricating
eﬀects are obtained. This system shows a maximum 4-fold reduction in
the coeﬃcient of friction and a 115-fold reduction in the wear rate
compared to the reference state. Additionally, by performing a Raman
spectroscopic characterization, we were able to evaluate the structural
state of the solid lubricant throughout the generated pressure gradient,
presenting a four-stage degradation model. Derived from this, it is
possible to understand the lubrication mechanism of the MWCNTs and
relate it to a transition from highly crystalline MWCNTs towards gra-
phitic nano-clusters. The MWCNTs found in the cavities of the re-
inforced composite are close to their pristine state and are gradually
brought into the contact, providing eﬃcient lubrication throughout the
lifetime of the composite material. The dominant lubrication me-
chanism is a mixture between the sliding MWCNTs and a graphite-
based lubrication. Our results highlight the suitability of the proposed
integrated solution as a promising approach for self-lubricating surfaces
subjected to unidirectional sliding.
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5. CONCLUSIONS AND OUTLOOK  
The dissertation addresses the development of self-lubricating surfaces using a new and emerging 
field of solid lubricants (CNP). Hence, a method must be found, providing full process control and 
allowing for a comparable and reproducible way to produce CNP-containing surfaces without 
changing the CNP properties (Objective 1). Secondly, the lubrication activity and mechanism of the 
chosen CNP, providing systematically distinguishable morphology and carbon hybridization, must 
be evaluated and understood under varying stress collective, surface designs and contact situations 
(Objective 2). Based on these findings, a prototypical, constantly self-lubricating surface should be 
manufactured, combining the most efficient approaches (Objective 3). In the following, the most 
important findings of the dissertation are briefly summarized. 
OBJECTIVE 1 
CNP containing surfaces can be produced through CNP reinforcement of MMC. Regarding its 
processing, colloidal mixing followed by hot uniaxial pressing is chosen, since a functionalization or 
degradation of the CNP is avoided, still allowing for homogeneous particle distributions within the 
MMC. It is found that 0-D CNP and an sp3-hybridization present the most homogeneous distributions, 
the smallest mean grain size and highest mechanical reinforcement effect. The best achievable 
particle distribution for sp3-hybridized particles (ND) was successfully transferred to sp2-hybridized 
particles (OLC) by annealing a pre-sintered ND-reinforced MMC. Even though the transformation 
process of ND to OLC is well known, it is the first time that it has been successfully conducted and 
characterized within a pre-sintered composite. Additionally, a model, based on the Zener-boundary 
drag effect, has been adapted, predicting the final mean grain size as a function of the type and 
concentration of the used CNP when the proposed optimum processing parameters are used. 
However, the processing parameters can also be chosen so as to produce CNP-reinforced MMC with 
various concentrations, all providing the same microstructure and thus allowing for a tribological 
comparison. Considering all these points, it can be stated that all challenges regarding the 
development of a reproducible and fully controllable processing method have been met. 
OBJECTIVE 2 
A continuous supply of CNP into the direct tribological contact is the most important thing to 
consider for CNP-based self-lubricating surfaces. A high aspect ratio and flexibility of the particles 
are beneficial to achieve a permanent lubrication, regardless of the given surface roughness, since the 
particles can be pulled into the direct tribological contact region thus efficiently separating the 
contacting surfaces. These conditions are met for 1-D CNT particles. Even though 0-D particles can 
separate the contacting surfaces and lubricate the contact by sliding/rolling, they lose this ability 
when interacting with a surface roughness higher than the particle diameter, which is given for most 
technical surfaces. A specifically designed deterministic surface (using DLIP or DLW) has been 
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introduced and is subsequently coated with CNT. It is found that the surface design and CNT coating 
interact synergetically with CNT being stored within the created surface depressions, which 
continuously supply the surface with the solid lubricant, achieving a 9-fold extension in the longevity 
of the lubrication effect. The surface lubrication mechanism acts on compression and elastic 
restoration of CNT bundles and the ability of CNT to be dragged inside of the contact region 
irrespective of the given topographical contact situation. Since the designed surface is comparable to 
a CNT-reinforced MMC surface, the lubrication mechanism can be transferred to CNP-reinforced 
MMC as well. 
Particle degradation is observed for all CNP in a tribological contact. However, specifically for CNT, 
the degradation is directly related to its intrinsic lubrication mechanism. It is the first time that a 
tribologically induced CNT degradation has been quantified and correlated to an amorphization 
trajectory model. With on-going CNT degradation, nanocrystalline graphite is formed. This is very 
important so as to allow pristine CNT to perform a sliding/rolling movement on top of these 
graphitic surfaces, reducing the COF to values below what would be expected for a pure graphite-
based lubrication. Based on contact mechanics simulations (using the Jackson-Green model), the 
composites are also tested under elastic or elaso-plastic contact situations, with only CNT reinforced 
MMC presenting constant lubrication. For low loads and low relative humidity, surface oxidation is 
reduced with CNT acting as an oxidation barrier, effectively separating the contacting surfaces and 
diminishing the occurrence of wear. Since graphite-based lubrication can be excluded for low 
relative humidity, lubrication is mainly associated with sliding/rolling of pristine CNT on top of the 
formed graphitic layer. For higher loads and relative humidity, strong oxidation is observed. 
However, the formed carbonaceous oxidic layer breaks into sheets, which can freely move on the 
surface being lubricated by CNT. In this case, lubrication acts on a mixture of sliding/rolling of CNT 
and shearing based graphite lubrication. Regarding conformal or non-conformal contact situations or 
different sliding speeds (1 mm/s – 1 m/s) for CNT coated or reinforced composites, efficient and 
constant lubrication is always given. This qualifies CNT as a versatile solid lubricant, adapting to the 
given contact situations and environmental conditions by effectively combining different solid 
lubricant working principles, namely: rolling, sliding and shearing. 
OBJECTIVE 3 
The combination of CNT-reinforced MMC, specific surface designing by laser structuring and 
subsequent CNT coating finally results in the production of advanced self-lubricating surfaces. A 
prototypical self-lubricating surface has been successfully manufactured and is tested in a 
macroscopically loaded (20 N) conformal contact situation (similar to real testing conditions of a 
journal-type bearing component), allowing for a maximum reduction in friction and wear by a factor 
of 4 and 115, respectively (compared to a pure Ni surface) with the lubrication mechanisms being 
fully understood.  
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Summarizing, out of the three studied CNP types, CNT are identified as a nano-scale, multi-purpose 
solid lubricant, which can be effectively applied to create self-lubricating surfaces. Being stored in a 
nickel matrix or a specifically designed surface, CNT are continuously transferred into the contact 
and are thus easy to replenish. The effectiveness of the lubrication is comparable to other currently 
used solid lubricants but is more robust regarding the stress collective or environmental conditions. 
With sp2-hybridized graphitic carbon being the most stable carbon configuration under standard 
pressure and temperature, CNT are expected to provide a very good aging stability. CNT are further 
known to be thermally stable under atmospheric conditions at temperatures of up to 600-700°C, 
rendering CNT a promising solid lubricant candidate for higher temperature applications [354]. 
Additionally, CNT are able to carry away generated heat due to their high thermal conductivity and 
also provide a high electrical conductivity, rendering them an interesting reinforcement material for 
tribo-electrical applications (for example plug connectors or contact brushes). Due to their nano-
scale size, low density and high mechanical strength, CNT further offer the possibility to 
mechanically reinforce structural components, which are subjected to friction and wear, thus also 
being usable for lightweight construction of machine elements. Finally, and together with all the 
mentioned points, the suitability of CNT as a lubricant under vacuum as well as under atmospheric 
conditions proves its advantage in terms of applicability and robustness compared to other solid 
lubricants. 
OUTLOOK 
The identification of the requirements needed to create self-lubricating surfaces based on CNT and 
the detailed understanding of their lubrication mechanism are a stepping-stone in the state of the art 
of this research field. The choice of laser patterning as a very versatile and flexible tool allows for 
the transfer of the chosen surface design to nearly any material surface. Additionally, the chosen 
coating technique (electrophoretic deposition) is suited for every electrically conductive substrate 
material. Hence, the findings presented in this dissertation could be easily transferred to almost any 
metallic surface, which highlights its wide span of applicability.  
The utilization of CNT as solid lubricant in MMC requires the chemical inertness of the matrix 
material with regards to a potential carbide formation. Thus, with elements such as Cu and Sn 
showing no tendency to form carbides, the presented method could be transferred to sintered bronze 
slider bearings, which already find application in almost every sector of tribological importance 
(general mechanical engineering, automotive, power tools, sports and leisure equipment, office-, 
textile- or agricultural machinery, etc.). So far, these sintered slider bearings are soaked with a liquid 
lubricant (e.g. oil) or other solid lubricants such as MoS2 are embedded. However, regarding the 
processing of CNT-reinforced sintered bronze slider bearings, research still needs to be carried out. 
Regarding other technically applicable materials, such as steel or other alloys, they typically contain 
elements like Cr, Al, Ti or V, all showing a strong tendency to form thermodynamically-stable 
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carbides. Hence, when sintering a CNT powder mixture including these elements, CNT would be 
fully dissolved in the metal phase forming carbides and no lubrication can be expected. One way to 
overcome this limitation could be a protective coating of the CNT before sintering the composite 
material, with the coating acting as a diffusion barrier between the metal matrix and the CNT. In this 
regard, a full CNT encapsulation using the molecular level mixing method could be an interesting 
approach, although the CNT would be covalently functionalized and thus degraded to some extent. 
An alternative could be a galvanic coating of the CNT (e.g. with Ni). However, since the coating 
would form a metallic bond to the matrix material, the mobility of the encapsulated CNT could be 
reduced, diminishing the lubrication effect. Hence, further research should be carried out in this area. 
Another promising approach to expand the field of application of CNT-reinforced Ni-MMC is its use 
as surface coating using electroless or electro deposition, which is currently studied in literature. 
These techniques allow applying the self-lubricating MMC onto technically more relevant alloys 
acting as a friction- and wear-reducing surface protection layer. Also, additive manufacturing, e.g. 
using laser-cladding, could be very promising in order to coat technically usable components. In this 
regard, the presented CNT Ni powder processing method could be used to manufacture a precursor 
powder for this processing route. However, both mentioned coating methods would involve a new 
process development and full material characterization, since the involved temperatures, 
microstructure or phase formations could differ significantly from the system presented in this 
dissertation. Therefore, it would be a complete study in itself. 
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FIGURES 
Figure 1: Schematic of the development route of the present dissertation 4 
Figure 2: a) Bonding structure of graphite and b) diamond. 6 
Figure 3: Selection of currently known forms of sp2-hybridized carbon nanomaterials. 
 a) C60: Buckmisterfullerene, b) carbon onion, c) carbon nanotube, d) nanocone/horn, e) 
nanotoroid, f) graphene, g) graphite, h) haeckelite surface, i) graphene nanoribbon, j) graphene 
cluster, k) helicoidal carbon nanotube, l) short carbon chain, m) schwarzite crystal, n) carbon 
nanofoam, o) nanotube network, p) nanoribbon network [57]. 
7 
Figure 4: Schematic representation of the most common atomic structure of a single nanodiamond 
particle.  The grey-colored, highly ordered structures correspond to the sp3-hybridized, diamond 
carbon  bonding. In black, aromatic structures of sp2-hybridized carbon are visible which 
terminate the surface  of the nanodiamond. Additionally, oxygen- and nitrogen-containing 
functional groups are depicted  (red and blue, respectively) as well as hydrocarbon chains 
(green) or hydrogen terminations (white)  [33].  
9 
Figure 5: a) Phase diagram of carbon as a function of pressure and temperature with blue lines 
inserted for nanomaterials. b) Scheme of the shock wave evolution in the detonation synthesis of 
nanodiamonds, showing (I) shock wave front, (II) zone of chemical reaction, (III) Chapman-
Jougout plane (corresponding to point A in the phase diagram, (IV and V) detonation products, 
(VI) formation of liquid droplets and finally, (VII) crystallization process towards the formation of 
nanodiamonds [33].  
10 
Figure 6: a) Transmission electron micrograph of OLC, presenting the layered, onion-like 
morphology of the particle. b) Schematic of a defect-free, single OLC particle, showing the typical 
aromatic carbon  multi-shell structure of sp2-hybridized carbon rings [74]. 
11 
Figure 7: Schematic transformation process of ND to OLC as a function of temperature with 
corresponding TEM micrographs exemplifying the transformation stages. Variations in the 
individual stages can occur since the transformation process also depends on the used 
environmental conditions (inert gas or vacuum) and the nanodiamond precursor size [73,84]. 
12 
Figure 8: Schematic of a) single-wall CNT and b) multi-wall CNT with an intertubular lattice 
spacing of 0.34  nm. Modified from [92]. 
13 
Figure 9: A chirality map is shown, presenting a 30° wedge of a graphene sheet. The chiral vector 
Ch with the  coordinate system being described by the unit vectors (a1, a2), the tube axis T and 
the tube diameter dt are presented and schematically illustrated. A color coding describes the 
electrical behavior of the SWCNT as a function of the integers of Ch [92]. 
 
 
14 
Figure 10: Growth mechanism of CNT in a CVD process showing a) the tip-growth model and b) 
the base growth model at different stages [106]. 
15 
Figure 11: a) Raman spectrum of a nano-graphite sample including the main characteristic peaks 
for a Raman analysis of graphitic carbon (except for *, which is a Raman mode of N2 gas and was 
present recording the spectrum). The excitation wavelength was 514.5 nm. Furthermore, 
schematics illustrating the vibrational modes of the carbon lattice corresponding to b) the G-mode 
and c) the D-mode are added. Modified from [115,117]. 
17 
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Figure 12: Phenomenological three-stage amorphization model of crystalline graphite towards 
tetrahedral amorphous carbon. The model also allows for a quantification of sp3 carbon as a 
function of the defect index and the G-band position. First, nanocrystalline graphite is formed 
before the amorphization towards amorphous carbon (a-C) and finally tetragonal amorphous 
carbon (ta-C) proceeds. Modified from [115]. 
19 
Figure 13: a) Raman spectra of the transformation process from ND to OLC as a function of the 
annealing temperature from room temperature to 1000°C (recorded with a UV laser excitation of 
325 nm). b) Diamond-band and c) G-band deconvolution for ND particles [33,50]. 
20 
Figure 14: Basic classification of MMC 22 
Figure 15: Schematic of the molecular-level mixing method in the case of CNT. a) 
Functionalization and b) metal oxide decoration followed by c) calcination and reduction leading to 
metal encapsulated CNT in d) [103]. 
24 
Figure 16: a) Schematic of ball milling. Integration process of CNP into the metal particles is 
shown in b), c) and d) [103]. 
24 
Figure 17: Schema of colloidal mixing. Ultrasonication is used to disaggregate the CNP and metal 
particles are added (a), followed by a merging of the two phases in the solvent (b). The solvent is 
evaporated (c) yielding a mixture of CNP and metal powder (d) [103]. 
25 
Figure 18: Densification curve of a powder compact, showing the three sintering stages	[164].		 26 
Figure 19: Schematic of CPS, visualizing cold pressing of the green pellet and subsequent 
pressureless sintering in a furnace [103]. 
27 
Figure 20: Schematic of SPS, showing pre-compaction of the powder by cold pressing using 
graphite punches, followed by applying a high current (pulsed electric DC) but keeping the applied 
pressure. Thus, sintering is performed by electrical resistance heating [103]. 
28 
Figure 21: Schematic process of HUP, demonstrating the pre-compaction process by cold pressing 
using alumina punches which is then followed by inductive heating while keeping a constant 
pressure to sinter the sample [103]. 
29 
Figure 22: Schematic illustration of the influence of CNT orientation relative to the external 
applied load σ on the load transfer of metal to CNT [140]. 
31 
Figure 23: Gibbs free energy of formation of several carbides in different metal systems as a 
function of temperature [140] 
32 
Figure 24: Schematic illustration of the Stribeck curve for liquid lubrication, showing the three 
main lubrication regimes: boundary, mixed and hydrodynamic lubrication. 
34 
Figure 25: Schematic illustration of the contact between two rough surfaces, visualizing the 
apparent and real contact areas. The apparent contact area is determined by the geometry of the 
contacting bodies, whereas the real area is the sum of the individual surface roughness asperity 
contacts. 
36 
Figure 26: Schematic illustration of the atomic structure of graphite, consisting of stacked 
graphene sheets with an interlayer distance of 0.335 nm [235]. 
39 
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Figure 27: COF (µ) measured against the number of cycles for a graphite (a) or solution processed 
graphene (SPG) (b) lubricated steel surface under dry nitrogen or humid air conditions. A ball on 
disc tribometer was used with a steel ball of 9.5 mm in diameter and a normal load of 1 N was 
applied [17]. In c) a simulation with an AFM tip contacting and shearing a graphene layer is 
performed, resulting in an out-of-plane deformation of graphene [17]. 
 
40 
Figure 28: ternary phase diagram of bonding in amorphous carbon-hydrogen alloys [241]. 41 
Figure 29: Atomic structure of MoS2 with interatomic distances [246]. 42 
Figure 30: Schematic of the laser material interaction for a) a short-pulsed laser system and b) an 
ultra-short-pulsed laser system [268]. 
46 
Figure 31: a) Schematic of the equipment and optics needed for the beam guidance in order to 
overlap the sub-beams on the sample surface according to the DLIP principle using a nanosecond 
laser. b) Schematic of the interference principle, creating regions of high intensity (positive 
interference) and low intensity (negative interference). The distance from one positive interference 
position to the next depends on the interfering angle of the sub-beams and the wavelength λ of the 
laser beam. 
47 
Figure 32: a) Mean value of 60 cycles of a pin on disc friction coefficient measurement of 
MWCNT on a quartz surface measured using a borosilicate pin and a normal load of 2 mN [35]. b) 
Schematic of the tank-belt model, showing transversely oriented CNT and c) vertically oriented 
CNT in between two diamond surfaces [47]. 
49 
Figure 33: a) Friction coefficient measurement of nanodiamond, graphene and 
nanodiamond+graphene for a DLC against SiO2 contact under dry ambient conditions and b) 
humid (30% relative humidity) conditions. c) – f) shows a schematic of the mechanism of graphene 
nanoscroll wrapping of nanodiamonds in the mentioned tribological contact [291,292]. 
51 
Figure 34: Friction coefficient measurement of  OLC, graphite, C60 fullerene and diamond 
clusters under a) ambient conditions and b) under vacuum [36]. 
52 
Figure 35: Schematic of the electrophoresis principle. Electrodes provide a specific voltage so that 
charged, dispersed particles (colored in red) are deposited on the cathode (+) or anode (-) 
depending on their surface charge [314]. 
54 
Figure 36: a) COF measurements of MWCNT-reinforced Al composites for different MWCNT 
concentrations and b) the corresponding wear rate measurements [338]. 
57 
Figure 37: COF measurements of unreinforced Ni reference and the MWCNT reinforced Ni 
composite measured with a ball-on-disc tribometer using a) 440C steel balls and b) Si3N4 balls as 
counterparts. The distribution of the MWCNT reinforcement phase in the composite is shown c), 
which is also validated by auger electron spectroscopy in d), with the color green representing the 
nickel matrix and red representing carbon. [44] 
58 
Figure 38: Schematic overview of the addressed areas regarding objective 1 of the present 
dissertation, which allow for a full process control and comparative production of CNP reinforced 
Ni-MMC. The papers, dealing with the respective topics are indicated. 
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Figure 39: Schematic overview of the addressed areas of the present dissertation, which enable for 
the understanding of the lubrication mechanisms involved in self-lubricating surfaces based on 
CNP. The papers, dealing with the respective topics are indicated 
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